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Nomenclature 
Abbreviation Definition 
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ISE Institute for Solar Energy Systems 
JPL Jet Propulsion Laboratory 
LANL Los Alamos National Laboratory 
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PEMFC Polymer electrolyte membrane fuel cell 
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PTFE Polytetrafluorethylene 
Re Real (impedance) 
Ru Ruthenium 
SEM Scanning electron microscopy 
 
 
 
IV  Nomenclature 
 
Symbol Definition Unit 
A  Area m² 
α  Symmetry factor - 
b  Tafel slope V/dec 
jC  Concentration of species j mol/m³ 
C  Capacitance  F 
ijD ,  Diffusion coefficient of species j in i m²/s 
d  Diameter M 
ε  Efficiency - 
F  Faraday constant 96485.3 C/mol  
g  Gravity 9.81 m²/s 
G∆  Molar free energy change J/mol 
H∆  Molar enthalpy change J/mol 
H∆  Enthalpy change J 
i  Current density  A/m² 
oi  Exchange current density A/m² 
l  Thickness  M 
η  Overvoltage V 
jN  Molar flux of species j mol/s m² 
OH2
n  Water electro-osmotic drag coefficient - 
σ  Tension N/m 
φ  Phase displacement - 
P  Power  W 
ρ  Density A 
p  Pressure  bar 
q  Heat  J 
R  Gas constant  8.3145 J/mol K 
ohmR  Resistance Ω 
r  Area specific resistance Ωm² 
S∆  Molar entropy change J/mol K 
T  Temperature °C, K 
Nomenclature  V 
t  Time  s 
θ  Surface contact angle ° 
U  Voltage V 
V&  Volumetric flow rate m³/s 
W  Work  J 
ω  Frequency Hz 
χ  Molar ratio mol 
 
Index Definition 
° Standard conditions 
amp  Amplitude 
an  Anode 
b  Bubble 
cat  Catalyst 
cath  Cathode 
OHCH3  Methanol 
Co  Concentration 
2CO  Carbon dioxide 
comp  Components 
diff  Diffusion 
drag  Electro-osmotic drag 
eff  Effective  
el  Electric 
g  Gas 
GDL  Gas diffusion layer 
OH2  Water 
in  Inlet 
j  Species j 
kin  Kinetic 
l  Liquid 
lim  Limiting 
VI  Nomenclature 
mem  Membrane 
catmem −  Membrane-catalyst interface 
MeOH  Methanol 
2O  Oxygen 
ohm  Ohmic 
out  Outlet 
p  Pore 
rev  Reversible 
T  Temperature 
TD  Thermodynamic 
volt  Voltage 
x  x-direction 
xover  Crossover 
y  y-direction 
1 Introduction  1 
1 Introduction 
In almost all of todays portable electrical appliances, primary or 
secondary batteries are adopted to provide the necessary power. The 
rapid development of this technology is associated with continuously 
increasing requirements to the power supply [tue04]. For the small 
micro-applications, e.g. small sensors, where low power (mW-range) 
and long operation time are characteristic, the energy capacity of 
batteries is too low. In larger systems, the existing batteries are too 
large (lead-acid) or very expensive (Li-ion, Li-polymer) [fre03]. The 
low temperature fuel cells, both the polymer electrolyte membrane 
fuel cell (PEMFC) and the direct methanol fuel cell (DMFC), have 
been developed for several decades, and may potentially replace 
and/or assist batteries in such applications [hei02]. Their major 
advantages over the other fuel cell types are quick start up and fast 
response to dynamic loads [lam01, nar03]. 
Generally, the main differences between fuel cells and batteries are 
the quick refuelling (recharging) and the separation of the fuel tank 
and the converter in fuel cells. Both convert chemical energy directly 
into electrical energy and heat. Compared to the PEMFC, the DMFC 
experiences a lower power density, but the high energy density of the 
liquid methanol (MeOH) fuel makes the DMFC an excellent candidate 
for portable power systems [nar03]. For instance, the theoretical 
gravimetric energy density of MeOH is ten times higher than that of 
the rechargeable Li-ion batteries (6000 Wh/kg vs. 600 Wh/kg) [dil04]. 
Other advantages of the DMFC are the convenience of operating with 
a liquid fuel and the simple overall system design. Here, the complex 
humidification and thermal management associated with the PEMFC 
can be avoided [dil04]. 
Methanol can be produced in synthetic processes as well as from 
fossil sources and renewable sources, like biomass [edi03]. The 
operation with fuel from renewable sources is carbon dioxide (CO2) 
neutral, however, most of the annual production of 34 million tonnes 
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per year (1999) is produced by means of natural gas reforming 
[edi03]. A large part of this methanol is consumed in the chemical 
industry and, especially, in windshield washing fluids for cars [lar00]. 
The major disadvantage with methanol as “public” fuel is its toxicity. 
As little as 30 ml can be lethal for humans [edi03], thus, risks arising 
from widespread methanol use will require new safeguards and 
regulations [nar03]. 
The first known DMFC experiments are from 1954 by Pavela. Already 
in the 1960s, stacks with power densities of 40 mW/cm² were 
developed [lam01]. These were mainly based on liquid electrolytes. 
Since then, the development of components and systems has 
continued, and prototypes in different power ranges have been 
presented [cro03, nar03]. The major problems of such fuel cells are 
the crossover of methanol through the membrane and the slow 
kinetics of the redox reactions [cos01]. This leads to mixed cathode 
potential and flooding of the cathode as well as high catalyst loading 
requirements on both electrodes. Comprehensive reviews of both the 
history and the state of the art of direct methanol fuel cell technology 
are found in [dil04, lam01]. 
Despite the fact that various prototypes have been constructed, there 
is not much published literature on stack development and 
characterisation under ambient conditions [dil04]. Many of the articles 
found focus on direct methanol fuel cells operating at elevated 
temperatures and pressures (around 100°C and up to 3 bar) and with 
cell areas exceeding 100 cm² [e.g. arg99b, but01, doh02b, shu99]. 
The results obtained are not necessarily transferable to other 
operating conditions and smaller cells.  
The objective of this thesis is to perform a thorough characterisation 
of single cells using mass spectroscopy, half cell operation and 
impedance spectroscopy under near-ambient conditions, i.e. from 
room temperature up to 80°C at 1 atm pressure. Additionally, gas 
diffusion layers (GDL) and flow-field geometries are to be 
investigated for their influence on the carbon dioxide removal on the 
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anode side.  
On the basis of the results from the single-cell experiments, a 
portable stack with about 25 W power output will be developed and 
characterised under the same near-ambient conditions. Impedance 
spectra of the stack will also be measured, both in full cell and half 
cell operation. In addition, a passive way to add methanol to the 
anode feed loop is to be worked out, including validation of the same 
and operation of the stack with this new feeding concept. 
A simplified model of the water and methanol transport in the 
membrane will be applied to calculate the amount of water in the 
cathode air outlet. Parameters, like diffusion and electro-osmotic drag 
coefficients of water and methanol, can be found from stack 
experiments and compared to values in the literature.   
This work was performed at the Fraunhofer Institute for Solar Energy 
Systems ISE in Freiburg, Germany. In the Department of Energy 
Technology, portable fuel cell systems are developed, mainly based 
on PEMFC technology. From the results of this thesis, it will be 
possible to properly compare the suitability of the two types of fuel 
cells for portable applications. 
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2 Direct methanol fuel cells  
As in the other polymer electrolyte membrane fuel cells, the DMFC is 
also based on a proton-conducting membrane sandwiched between 
the working electrodes. Instead of hydrogen as applied in PEMFC, 
the anode is fed with diluted methanol, which is consumed to produce 
electricity and heat. 
2.1 Basic principles of the DMFC 
In the fuel cell process, the protons originating from the anodic 
oxidation of methanol migrate through the electrolyte to the cathode. 
Electrons, however, are restrained by the electrically insulating 
membrane. They have to flow in an external circuit and thereby 
perform electric work. At the same time, oxygen is reduced on the 
cathode to form water together with protons, see Figure 2.1.  
−+ ++↔+ e6H6COOHOHCH 223
OH3e6H6O
2
3
22 ↔++
−+
+H6
OHOHCH 23 +
Anode catalyst
Electrolyte membrane
Cathode catalyst
−e6
OH3O
2
3
22 +( )airO2
3
2
223 COOHOHCH ++
 
Figure 2.1 Schematic presentation of the direct methanol fuel cell principle. 
The fuel cell process is driven by the negative free energy change, 
G∆ , of the overall reaction. Without the physical separation of the 
redox reactions, combustion of methanol in the presence of catalyst 
would take place spontaneously. Thereby, all of the potential energy 
is converted into heat. By forcing the oxidation of methanol and 
reduction of oxygen to be spatially separated, the flow of electrons 
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from the anode to the cathode can be extracted as electric power. 
The electrochemical reaction equations are shown below: 
Anodic oxidation of methanol: 
−+ ++↔+ e6H6COOHOHCH 223
 
2-1 
Cathodic reduction of oxygen: 
OH3H6e6O
2
3
22 ↔++
+−
 
2-2 
Adding Equations 2-1 and 2-2 gives the total reaction equation for the 
direct methanol fuel cell: 
OH2COO
2
3OHCH 2223 +↔+
 
2-3 
For the reaction in Equation 2-3, the enthalpy change, H∆ , at 25°C 
and 1 bar is -726.6 kJ/mol (methanol and water in liquid state, oxygen 
and carbon dioxide in gaseous state) [vie03]. According to the 
second law of thermodynamics, not all of this energy can be 
converted into electricity. The maximum non-expansion work 
obtainable from a process at constant pressure and temperature is 
given by the free energy for the process. The free energy of a 
reaction is the enthalpy minus the reversible heat loss, revq  [kor96]: 
STHqHG rev ∆−∆=−∆=∆
 
2-4 
where T  is the temperature in degrees Kelvin and S∆  is the entropy 
change in J/Kmol. G∆  for the total DMFC reaction under the same 
conditions as mentioned above is -702.5 kJ/mol [vie03]. This can be 
used to calculate the theoretical reversible open circuit voltage (OCV) 
of a direct methanol fuel cell [lar00]: 
zF
GUrev
∆
−=
 
2-5 
z  is the number of electrons transferred in the reaction per molecule 
methanol consumed, and F  is the Faraday constant (96485.3 C/mol, 
[ayl94]). At 25°C this gives 1.21 V, which is very similar to the OCV 
value for hydrogen-fed polymer electrolyte membrane fuel cells.  
6  2.1 Basic principles of the DMFC 
As long as no phase changes occur in any of the involved species, 
both enthalpy and entropy can be considered constant within a 
certain temperature range. This means that the free energy is a linear 
function of the temperature: 
( ) S
T
G ∆=
∂
∆∂
 
2-6 
which, combined with Equation 2-5, and the fact that S∆  is negative 
(-80.9 J/Kmol), shows that with increasing temperature, the reversible 
open circuit voltage drops: 
( )ooorevTrev TTzF
SUU −+= ∆
 
2-7 
The index o  refers to the chosen standard conditions, for instance 
25°C and 1 bar. Under ideal conditions (i.e. complete separation of 
the anode and the cathode chambers), the Nernst equation applied 
for the fuel cell reaction (eq. 2-3) may be used to show the effect of 
the methanol concentration on the reversible OCV [Ham98]: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
+=
22
32
2
2/3
ln
COOH
OHCHOT
revrev aa
aa
zF
RTUU
 
2-8 
where R  is the gas constant (8.3145 J/mol K) and a  is the activity of 
the components, whereby for dilute liquids the concentration is used, 
and for the gaseous phase it is simplified to the partial pressure. With 
increasing methanol concentration, the reversible OCV should rise. In 
real experiments however, the opposite behaviour to the theory 
presented here is observed for both a change in temperature and 
methanol concentration. In Figure 2.2, the measured open circuit 
voltage in a DMFC is shown as a function of both a) methanol 
concentration and b) temperature. 
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a) b)  
Figure 2.2 Measured and simulated open circuit voltage as a function of a) 
methanol concentration and b) temperature  [sun99]. 
It is apparent that the equations presented above only describe the 
DMFC in a thermodynamically ideal way. Other important effects, 
such as leakage of methanol through the membrane and slow 
reaction kinetics, influence the cell voltage as well. When the current 
increases, the fuel cell is removed further and further from its 
reversible state, and the performance is determined by the different 
processes occurring. These non-ideal effects are further described in 
the following section. 
2.2 Operating fuel cell voltages 
Four main effects limit the performance of the fuel cell during 
operation. So, the measured cell voltage is lower than previously 
described. The difference between the reversible and the measured 
value is called the overvoltage η .  
cellrev UUη −=
 
2-9 
Figure 2.3 shows a typical current-voltage, or polarisation, curve of a 
DMFC. 
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Figure 2.3 A characteristic current-voltage curve of a direct methanol fuel cell. 
2.2.1 Methanol crossover 
Although the electrolyte of a fuel cell is selected for its ionic 
conductivity and the separation of the reactants, it can never achieve 
perfect properties. Both current and reactants flow through the 
membrane due to potential and concentration gradients, respectively. 
These internal currents and the presence of methanol at the cathode 
causes a significant voltage drop and parasitic consumption of 
oxygen already at zero current, see Figure 2.3. The influence of 
methanol concentration on the OCV was shown in Figure 2.2 a).  
For PEMFC, the internal electrical current is in the range of some 
mA/cm² [lar00]. Due to the much thicker polymer membrane in the 
DMFC1, thus a higher electric resistance, the losses associated with 
the leakage currents are negligible compared to the flow of methanol 
from the anode to the cathode. This methanol transport phenomenon 
is called crossover and consists of a diffusion and an electro-osmotic 
drag fraction. By applying Fick’s law, the transport at OCV can be 
described solely by linear diffusion, which is dependent on the 
membrane thickness, meml , the methanol diffusion coefficient, 
                                                                          
1 The most commonly used DMFC membrane (Nafion® N117, 175 µm) is approximately seven times 
thicker than a PEMFC membrane (GORE-Select®, 25 µm). 
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memMeOHD ,  (as a function of temperature), the cell area, A , and the 
methanol concentration at the anode, anMeOHC , . It is assumed that 
methanol is directly and completely oxidised at the cathode to water 
and CO2 [kul02, ren97]. Therefore, the MeOH concentration at the 
cathode is negligible compared to the anode: 
( ) A
l
C
TDN
mem
anMeOH
memMeOHdiffMeOH
,
,, −=
 
2-10 
Ren et al. have found the equivalent current loss corresponding to 
methanol crossover in a fuel cell at open circuit voltage and 80°C, 
see Figure 2.4. An increase in the membrane thickness from 175 µm 
to 250 µm (Nafion® N117 and N120, respectively) leads to more than 
50 % reduction in crossover.  
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Figure 2.4 Equivalent current loss due to methanol crossover at OCV and 
80°C for different methanol concentrations, data from [ren00b]. 
Assuming that the methanol concentration is the same at the 
interface between the anode catalyst and the membrane as in the 
feed concentration, the methanol diffusion coefficient can be 
calculated by combining Equation 2-10 with the Faraday equation to 
give: 
( )
anMeOH
mem
memMeOH zFC
ilTD
,
, −=
 
2-11 
where i  is current density. At 80°C, the data from Ren et. al gives a 
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MeOH diffusion coefficient in a Nafion® N117 membrane of 2⋅10-8 to 
4⋅10-8 m²/s. This is somewhat higher than other values reported in the 
literature. [bar02], [cru98] and [qi02] all report coefficients about one 
order of magnitude lower, 1⋅10-9 to 3⋅10-9 m²/s. Some of the 
discrepancy seen in the values may be due to different experimental 
set-ups. A pure membrane has other properties than a catalyst-
coated one, and depending on cell geometry and compression, the 
membrane can exhibit very different thicknesses. In liquid water, the 
Nafion® N117 membrane swells by more than 10 % with respect to 
the dry state [dup04], in methanol even more. Additionally, the gas 
diffusion layers [gog04] and the flow-field structures [amp01, ari00] 
also influence the crossover from the anode to the cathode (both are 
described later in Sections 2.3.3 and 2.3.4). 
The proton transport in the membrane involves water molecules as 
well, in a process called electro-osmotic drag. A more detailed 
description of the mechanism is given in Section 2.3.1. A certain 
number of water molecules accompany each proton migrating from 
the anode to the cathode,. This number is given by the water drag 
coefficient, OHn 2 . Thus, the proton conductivity is dependent on the 
humidity of the membrane. If there is not sufficient water in the 
membrane, the proton transport is hindered significantly. Since water 
management is a critical issue in hydrogen-fed PEMFC, much effort 
has been made to try to understand and describe this phenomenon 
[ren97, spr91, web04].  
As a result of the physical similarities between water and methanol 
(e.g. molecular size and dipole moment), methanol is also dragged 
from the anode to the cathode in a DMFC. Given that the mechanism 
is the same, it can be assumed that the drag coefficients of water and 
methanol in the membrane are equal. The protons do not distinguish 
between these molecules, and the amount of methanol dragged is 
calculated by the methanol fraction, MeOHχ , in the liquid [kul02]: 
MeOHOHdragMeOH nF
iAN χ
2,
=
 
2-12 
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In the literature, the drag coefficient mostly ranges from 2 to 5, 
depending on the operating temperature and pressure [div03, 
doh02a, ren97]. By combining Equations 2-10 and 2-12 with the 
Faraday equation, the total equivalent crossover current density can 
be calculated: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
+−= MeOHOH
mem
MeOH
memMeOHxover χnF
i
l
CTDzFi
2
)(, 2-13 
In addition to the lower power density of DMFC, efficiencies well 
below the values for the hydrogen-fed fuel cells are caused by the 
loss of methanol by crossover. To understand the behaviour of the 
DMFC, much work has been done to develop measurement methods 
for methanol crossover [bar02, doh02a, mue00, qi02, rav96, ren97, 
ren00b] and to investigate the impact of crossover [cru98, hei99, 
sco99].  
2.2.2 Methanol oxidation 
Due to the crossover effect, methanol is oxidised at both the anode 
and the cathode. However, at the cathode, it is a parasitic reaction 
because it reduces the number of active catalyst sites available for 
oxygen and consumes oxygen without producing any current. 
Theoretically, the mechanism of the oxygen reduction is the same as 
in a PEMFC. Although it is one of the key electrochemical reactions, 
the understanding of the mechanism of oxygen reduction remains 
incomplete [ham03]. Thorough reviews on this topic are given in 
[ger03] and [mar01]. A summary of the reaction path on platinum (Pt) 
is given below: 
22 HOPteHOPt −→+++
−+
 
2-14 
)( OHPt3Pt2OHHOPt 22 −→++−
 
2-15 
PtOHeHOHPt 2 +→++−
−+
 
2-16 
The first step is a simultaneous electron transfer and chemisorption 
onto the catalyst (electrosorption). This is also considered to be the 
main limiting process [ham03]. Subsequently, the chemisorbed oxide 
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may be rearranged (eq. 2-15), before it is reduced to water 
(eq. 2-16). There are still discussions about the description of the 
reaction as a single or multistep process [ham03, ger03].  
To date, there is no clear understanding of the influence of methanol 
on this mechanism. However, an increase of the Tafel slope and a 
decrease in the exchange current density have been found2 [dil04]. 
To compensate for this, catalyst loadings up to ten times higher than 
in the PEMFC have been applied [dil04]. Another approach to 
improve the oxygen reduction kinetics is the development of a 
methanol-tolerant cathode catalyst [ham03, ree00, shu04]. This 
would also increase the fuel efficiency as it would prevent methanol 
on the cathode from being oxidised, assuming that the liquid at the 
cathode is recovered to the anode. 
Despite the large number of articles published on the nature and the 
rate-determining steps of the methanol oxidation reaction, the 
mechanism has also not yet been totally understood [dil04, ham97, 
was99]. Considering the large number of reaction steps involved and 
intermediates formed, it is a very complex reaction compared to the 
fast oxidation of hydrogen in PEMFC. The basic scheme for oxidation 
of methanol is shown in Figure 2.5 in the form of squares [ham03]. 
OHCH3 OHHC 2x
HOHC
xx
OHC
xxx
−
OCH2 HOCx
OC
x
OOHC
x
2CO
HCOOH
 
Figure 2.5 Oxidation reaction of methanol depicted as scheme of squares. x 
symbolizes a Pt-C bond [ham03]. 
Although various parallel reaction paths are possible, there is 
consensus about the general course of action [dil04, ham97, hog02, 
                                                                          
2 Tafel slope and exchange current density are explained later in this chapter. 
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was99]. The main questions are the rate-determining step and the 
dominant adsorbed intermediate. Nevertheless, on a platinum-
ruthenium (PtRu) catalyst, the reaction mechanism leading to an 
oxidation of methanol to carbon dioxide most probably proceeds as 
shown below [iwa90, lam01]: 
−+ ++−→+ eHOHCHPtPtOHCH 23
 
2-17 
−+ ++−→+− eHCHOHPtPtOHCHPt 22
 
2-18 
−+ ++−→+− eHCOHPtPtCHOHPt 32
 
2-19 
−+ +++−→− eHPt2COPtCOHPt3
 
2-20 
−+ ++−→+ eHOHRuOHRu 2
 
2-21 
−+ ++++→−+− eHRuPtCOOHRuCOPt 2 2-22 
First, methanol is adsorbed on a platinum site in an oxidation step, 
followed by stepwise stripping of protons and electrons to carbon 
monoxide (CO). The oxidation of the strongly adsorbed CO is by 
many considered to be the rate-determining step [dil04, ham97, 
hog02]. It takes place with a neighbouring Ru-adsorbed hydroxide 
(OH). This requires an anode catalyst with a ruthenium site next to 
each platinum site, thus a 1:1 atomic ratio of PtRu as reported in the 
literature [ant03, dil04]. On non-ideal electrodes, the reaction process 
may be incomplete, and small amounts of intermediate products like 
formaldehyde, formic acid and methyl formeate have been detected 
in the anode outlet [ham03, wan00, was99]. As a consequence of the 
partial oxidation, only a proportion of the energy density of methanol 
is utilized.  
The effect of the slow kinetics of the direct methanol fuel cell can be 
seen in the low current density part of the polarisation plot, see 
Figure 2.3. A correlation between the cell current density celli  and the 
overvoltage due to kinetic losses, kinη , is given by the Butler-Volmer 
equation: 
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A detailed derivation of this equation is given e.g. in [sie03]. The 
equation is valid for one electrode reaction at a time, and the total 
kinetic overvoltage is the sum of the anode and cathode kinetic 
overvoltage, see also Equations 2-1 and 2-2. The first and second 
exponential terms of the equation represent the anodic and the 
cathodic reaction directions, respectively. an0i ,  is the exchange 
current density, or, in other words, a measure of the reaction rate at 
OCV, when the reaction rates in both directions are the same. Active 
electrode reactions have a high exchange current density, thus low 
kinetic overvoltages. The charge transfer coefficient, anα , is a 
symmetry factor, and is the proportion of electric energy needed to 
change the rate of an electrochemical reaction. Its value depends on 
the reaction involved and the material the electrode is made from, but 
it must be in the range between 0 and 1.0 [lar00]. 
If the electrode reaction is dominated by the cathodic direction, then 
the anodic term of Equation 2-23 can be neglected. For the opposite 
case, the same is true as well. By solving for the overvoltage, the 
equation becomes:  
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where anb  is called the Tafel slope, the linear relationship between 
the kinetic overvoltage and the natural logarithm of the current 
density. Unlike the hydrogen-fuelled PEMFC, both electrodes of a 
DMFC exhibit considerable kinetic losses. 
2.2.3 Ohmic resistance 
Because of the finite protonic conductivity in the membrane, the 
electrical conductivity and the contact resistance between the 
individual components of the fuel cell, further voltage losses arise. 
The resulting ohmic overvoltage, ohmη , is proportional to the current 
according to Ohm’s law: 
riηohm ⋅=
 
2-25 
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where r  is the area-specific resistance. Although both the electron 
and the ionic resistance show the same linear dependence, they 
have very different characteristics. This is apparent when 
measurements are made with alternating currents at different 
frequencies, as in impedance spectroscopy. The speed of charge 
transfer by electron flow compared to ionic flow is about 100:1 
[kor96].  
Due to the thicker membrane used, the protonic resistance is higher 
in the DMFC than in the PEMFC, and in most cases is the major 
contributor to the ohmic losses. In contrast to PEMFC, the humidity 
(or water content) of the membrane in a liquid-fed DMFC is relatively 
constant throughout operation, so the cell resistance is more stable. 
2.2.4 Mass transport limitation 
To maintain a high cell current, the transport of reactants to and 
products from the electrodes is essential. For instance, the oxidation 
at the anode can not be faster than the supply of methanol. This 
achieved maximum current density is called the limiting current 
density, limi . In DMFC, the supply of both methanol and oxygen, as 
well as removal of carbon dioxide and water, may limit the 
performance. The transport of methanol through the gas diffusion 
layer can be described by Fick’s 1st law: 
x
C
DN MeOHeffGDLMeOHGDLMeOH ∂
∂
−= ,,,
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where effGDLMeOHD ,,  is an effective diffusion coefficient for methanol. At 
the limiting current density, where the methanol concentration on the 
catalyst surface is zero, the rate of methanol consumption equals the 
rate of methanol supply. Equation 2-26 combined with Faraday’s law 
gives the equation for the limiting current density: 
GDL
inMeOH
effGDLMeOH l
zFC
Di ,,,lim =
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inMeOHC ,  is the inlet methanol concentration and GDLl  is the thickness 
of the gas diffusion layer. In principle, the same equation is valid for 
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the cathode as well, where the partial pressure of oxygen at the 
reaction surface decreases to zero. However, a more common 
problem is water flooding. Due to the liquid feed and the crossover 
phenomenon, the cathode is exposed to large amounts of water, 
which block oxygen access to the catalyst. Figure 2.6 shows 
schematically, the influence of the methanol concentration on the 
limiting currents in the polarisation curves.  
Decreasing MeOH 
concentration
Current density
V
ol
ta
ge
 
Figure 2.6 Influence of the methanol concentration on the limiting currents in 
the polarisation curves of direct methanol fuel cells.  
The dependence of the limiting current density on methanol 
concentration is relatively linear as predicted by Equation 2-27. 
Additionally, it is affected by the operating conditions, the properties 
of the gas diffusion layer and the flow-field geometry (see 
Section 2.3). 
In Equation 2-8, the correlation between cell voltage and activites of 
the species was given. If methanol is the limiting species, the 
resulting overvoltage, also called concentration overvoltage, can be 
described as: 
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where catMeOHC ,  is the real methanol concentration at the catalyst 
surface. Assuming that the drop in concentration is linear down to 
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zero at the limiting current density, the overvoltage can be expressed 
as a function of the current: 
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2.2.5 Cell and system efficiency 
Now that all the losses are properly described, the cell voltage when 
a load is applied is obtained by subtracting the overvoltages from the 
theoretical open circuit voltage. 
Coohmkinrevcell ηηηUU −−−=
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The effect of methanol crossover is included by adding the crossover 
equivalent current density to the measured cell current density in the 
equations [lar00]. 
xovercell iii +=
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The current-voltage curve at the beginning of this section, Figure 2.3, 
shows in which parts of the curve the different loss mechanisms are 
dominant. Due to the methanol crossover, the measured open circuit 
voltage is considerably lower than the theoretical one. At low current 
densities, poor kinetics at both the anode and the cathode represent 
the main limiting factor. In the intermediate region, the protonic and 
electric resistances lead to a nearly linear drop of the voltage, before 
the mass transport limitation causes a rapid drop near the limiting 
current density. Usually, the maximum power point is reached before 
problems with reactant supply arise. 
All energy which is not converted to electricity is transformed into 
heat. In Equation 2-4, the available energy was given as enthalpy 
minus the reversible heat loss. This means that a certain amount of 
loss is unavoidable. The methanol permeating to the cathode 
spontaneously oxidises, and leads to further heat production, xoverq . 
Due to the different loss mechanisms during operation described 
above, kinetic, ohmic and mass transport, the amount of heat 
produced increases with current. At the limiting current density, all 
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energy is converted into heat, see Figure 2.7. The electric work, elW , 
is calculated from the cell current and the cell voltage. 
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Figure 2.7 Electrical work (power output) and heat losses of a fuel cell as a 
function of the cell current. 
Total cell and stack efficiencies are calculated from the 
thermodynamical efficiency, mass (or Faraday) efficiency and the 
voltage efficiency: 
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For system efficiencies, the parasitic power consumption and losses 
of the auxiliary components, compP , (pumps, fans, DC/DC converters 
etc.) also have to be accounted for: 
compel
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overallcompstackcellsystem PW
W
εεεε
+
== / 2-33 
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2.3 Components 
The construction of the fuel cell itself is in practice simple, as it 
consists of only a few components. The most characteristic for the 
fuel cell, is the electrolyte. For DMFC, a proton-conducting polymer 
membrane coated with catalyst on both sides is applied. This unit is 
called a membrane electrode assembly (MEA). Gas diffusion layers 
are added between the MEA and the flow-fields, as shown in 
Figure 2.8. A description of the different components is given below. 
 
Figure 2.8 Components of a direct methanol fuel cell [wol04]. 
2.3.1 Electrolyte membrane 
Polymer electrolyte membrane fuel cells use, in accordance with their 
name, a solid ion-conductive polymer as the electrolyte. In addition to 
the proton conductivity, physical separation of the anode and cathode 
chambers, electric insulation and corrosion resistance are the main 
important properties of the electrolyte. The most common are the 
polymeric perfluorosulfonic acid derivates, which are singly-charged 
cation conductors. The basic chemical form of the polymer chains 
varies between manufacturers, but is shown schematically in 
Figure 2.9. They consist of a fluorocarbon polymer backbone, similar 
to Teflon®, to which sulfonated acid groups have been bonded as 
Methanol-water  
mixture 
O2 (air) 
Anode graphite plate 
Anode catalyst 
3-layer membrane 
electrode assembly 
Gas diffusion layer 
Cathode flow-field 
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sidechains. While the sulfonic group is tightly bonded to the polymer, 
the proton is loosely bonded and assures the ionic transport. The 
sulfonic groups are highly hydrophilic and therefore the membrane 
absorbs large amounts of water [lar00]. These hydrated regions 
create a network of channels for protons to move in. The protons are 
normally solvated, thus, in practice, hydronium ions, H3O+, flow from 
the anode to the cathode [ham03]. 
( ) ( )m2n22 CFCFCFCF −
32CFCFOCFCF
HSOCFOCF 322
Fluorocarbon backbone
Sulfonated sidechains
 
Figure 2.9 The chemical composition of perfluorosulfonic acid polymers as 
electrolytes in PEM fuel cells [ham03]. 
As discussed in Section 2.2.1, methanol can play the role of water in 
the membrane and is also absorbed in and transported through the 
membrane. Substantial amounts of methanol are lost by parasitic 
cathodic oxidation, and one of the most important research topics in 
the field of DMFC is to develop an electrolyte that is impermeable to 
methanol. 
E.I du Ponts de Nemours and Companys Nafion® (a perfluorosulfonic 
acid (PFSA)/polytetrafluorethylene (PTFE) copolymer in the acid 
form) has been the favoured membrane material for the DMFC for 
the last 30 years. Today much effort is made on altering its properties 
to reduce the methanol crossover, for instance by adding inorganic 
compounds like silica (SiO2) [ant99] and palladium (Pd) [cho01] or by 
making physical modifications of the membrane (e.g. grafting [sco00]) 
to achieve a barrier against methanol flow without limiting the proton 
transport. New polymer materials, like polybenzimidazole (PBI) and 
polyphosphazene (PPZ), are also being investigated as alternatives 
to the sulfonated PFSA [dil04, hei99, ker01]. A basic problem with 
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most of the modification work is that when the methanol permeability 
is lowered, normally the water permeability is lowered as well, and 
thus the protonic conductivity.  
2.3.2 Electrode 
The electrodes of a fuel cell are where the electrochemical reactions 
take place. In order to increase the reaction rate, noble/precious 
metals are applied as catalysts in low-temperature fuel cells. 
Platinum is the most common material together with ruthenium, see 
Section 2.2.2. With particles as small as a few nanometres in 
diameter, the surface area per mass is high. The electrodes of 
polymer electrolyte membrane fuel cells also consist of porous 
carbon particles to support the catalyst [lar00]. This enables a Pt 
loading below 0.4 mg/cm² for PEMFC [lit04], but still a large active 
reaction area and satisfying electric conductivity is possible. Since 
the catalyst loadings in DMFC usually are much higher, the 
electrodes may also consist of pure Pt and/or PtRu.  
Both the presence of electrons and protons, as well as the reactants 
are required at the electrodes. Thus, the catalyst needs contact to 
electric and protonic conductors, or, the gas diffusion layer and the 
membrane, respectively [kor96]. To increase the proton transport 
within the catalyst layer, Nafion® or similar substances are added. A 
combination of the electrodes and the membrane is called a 3-layer 
MEA, and when the gas diffusion layers are added, it becomes a 5-
layer MEA, see Section 2.3.3.  
There are already many different production techniques für MEAs 
available, but not all are well suited for mass production [lar00, lit04]. 
For high performance MEAs, it is crucial to achieve reliable transport 
of reactants, products, protons and electrons within the catalyst layer, 
especially for the two-phase fluid flow on both electrodes [ham03]. 
To compensate for the slow methanol oxidation and the influence of 
methanol on the cathode, catalyst loadings up to ten times higher 
than in the PEMFC have been applied for DMFC [dil04]. Simply due 
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to the high costs for the precious metal, such fuel cells have not 
attracted any commercial interest. Therefore, a lot of effort is being 
put into lowering the amount [ari04] and developing new catalysts 
based on cheaper materials [ant03, cho02, wei02]. 
2.3.3 Gas diffusion layer 
The porous gas diffusion layers3 in PEM fuel cells ensure that 
reactants and products diffuse effectively to and from the catalyst 
layer. In addition, the GDL is the electrical conductor that transports 
electrons to and from the electrode reactions. Different types of 
carbon structures, e.g. carbon paper and carbon cloth with a 
thickness of around 100-300 µm are usually applied. To improve the 
fluid transport from one side to the other, the GDLs can be made 
more porous, but at the cost of an increased electrical resistance.  
On both sides of the DMFC, the fluid flow in the GDLs is two-phase. 
However, the circumstances at the anode are opposite to those at the 
cathode. Gas has to be supplied to the cathode catalyst, while liquid 
has to be removed to clean the active surface for the reaction. In 
PEMFC, the GDLs are normally made hydrophobic with a Teflon®-
like substance to prevent water from blocking the pores [ior03]. 
Another method used is to add a microlayer (carbon particles) 
towards the catalyst, also to remove the water from the catalyst 
surface. Strong hydrophobic properties would prevent the liquid 
methanol and water from reaching the catalyst, and would not be 
suitable in the anode GDLs of DMFC.  
By making the gas diffusion layers hydrophilic, gas bubbles are 
forced out of the pore structure, making it advantageous for the liquid 
transport. Results have shown that anode GDLs with hydrophilic 
properties are better than hydrophobic ones [lin04, nee02]. However, 
also the opposite behaviour has been observed [lu04], which is then 
believed to be caused by the faster gaseous transport of MeOH than 
                                                                          
3 Since also liquid feed is applied for DMFC, the notation gas diffusion layer is not appropriate. 
However, because the name GDL is so common in the literature, the notation will still be used 
throughout this thesis. 
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liquid to the catalyst [mue00]. 
The structure of the GDL is also important. Thicker materials with 
large pores are found to be preferable to thinner ones with smaller 
pores [arg99a, oed04a], though this depends in detail on the 
operating conditions. The carbon fibres usually have a thickness of 
about 10 µm, and the pores are up to some hundred micrometres in 
diameter [oed04a]. 
5-layer MEAs based on a Nafion® N117 membrane and untreated 
Toray TGP-H-090 GDLs were used in this work. The anode catalyst 
layer consisted of 1.0 mg Pt/cm² and 0.5 mg Ru/cm², and the cathode 
contained 4.0 mg Pt/cm². The complete assembly was manufactured 
by a commercial supplier of fuel cell components. A scanning 
electron microscopy (SEM) image of the 5-layer MEA is shown in 
Figure 2.10.  
 
Figure 2.10 Scanning electron microscopy image of the applied 5-layer MEA.  
2.3.4 Flow-field and bipolar plate 
For the homogeneous distribution of reactants and proper removal of 
products over the entire cell area, certain flow structures are required 
on both sides of the MEA. The design of a so-called flow-field plate is 
not simple. In addition to good fluid flow, it must also be electrically 
conductive. If the electric contact is to be optimised, then the contact 
points should be as large as possible. However, this would not 
Membrane GDL GDL 
Catalyst Catalyst 
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correlate with good gas and liquid flow over the electrodes. If the 
contact points have to be small, at least they should be frequent 
[lar00].  
In addition to the distribution properties and electrical conductivity, 
pressure loss and manufacturing complexity have to be considered 
as well [tue04a]. The most common flow-field structures are parallel, 
serpentine and spot flow, see Figure 2.11.  
a)  b)  c)  
Figure 2.11 Examples of flow fields: a) parallel, b) serpentine and c) spot flow 
structures. 
The main advantage of the serpentine design is the forced flow 
direction. Gülzow et al. found a much more homogeneous current 
density distribution of a DMFC with a serpentine flow-field than with a 
spot flow-field [gue02]. In cells and stacks operating at higher 
temperatures and with higher flow rates, other structures with lower 
pressure losses are preferred. Some more results from the 
investigation of parallel, interdigitated and serpentine structures are 
found in [guo04] and [ari00]. Dohle et al. have shown that the 
interaction between the flow-field and the GDL is considerable as well 
[doh03]. Depending on the porosity and thickness of the GDL, more 
or less fluid flows in-plane in the GDL. 
In a conventional stack, the flow-fields have to be machined into both 
sides of the plate. As it also conducts electrons from the anode to the 
neighbouring cathode, it is named a bipolar plate, see Figure 2.12. 
When several cells are stacked together, a homogeneous distribution 
of fluid among them becomes more and more important for the stack 
operation. This is maintained by the stack manifolds and the 
transition area to the flow-field [arg00a, bew04]. The cells are almost 
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always connected in parallel, which can lead to inhomogeneous 
distribution of fuel and air among the cells. 
 
Figure 2.12 The concept of bipolar plates in a stack. 
Although graphite has been the favoured material for bipolar plates 
for PEM fuel cells, investigations on composite and metal-based 
plates are being intensified due to low costs and easier 
manufacturing [coo04]. Electrical conductivity and chemical stability 
to minimise corrosion are the main challenges [ari01]. Materials 
based on stainless steel or metal alloys have to undergo surface 
treatment to improve the chemical and electrochemical stability in 
these environments [lar00]. A major cost factor is the production 
process of such plates [hei04]. Different production techniques are 
presented in [lar00]. One of the most widely pursued methods is 
injection moulding of composite materials [hei04]. 
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3 Single-cell investigations 
As a basis for stack development, it is necessary to first investigate 
and optimise the performance of single cells. This chapter focuses on 
two important factors for reactant and product flows to and from the 
catalyst surface; the gas diffusion layer and flow-field geometry. In 
addition, the influence of operating conditions on the single-cell 
behaviour is investigated. However, first the experimental conditions 
are described.  
3.1 Experimental set-up 
In all single-cell and stack experiments, the same test station was 
used. Here, it and its components are presented, as well as the test 
cells used for the single-cell characterisation. 
3.1.1 Test station  
A test station was modified for this thesis to measure polarisation 
curves, CO2 by mass spectroscopy and impedance spectra of both 
single cells and stacks. The main components are the reactant flow 
control, temperature control and the measurement equipment e.g. 
electronic load and data logger. A simplified flow-sheet of the test 
station is shown in Figure 3.1.  
Air, hydrogen and nitrogen were available from the in-house gas 
supply, and flow controllers (type 1179A from MKS Instruments) 
guaranteed accurate flow rates up to 5 l/min. All gases were supplied 
dry and at room temperature to the cells. With a pulse-free pump, 
(model HLPH200-PF, from Ingenieurbüro CAT M. Zipperer GmbH), 
the pre-mixed methanol-water solution was fed to the anode. The 
liquid flow rate could continuously be adjusted between 0.115 and 
100 ml/min. The feed mixture consisted of methanol “GR” for analysis 
(99.9 % purity, from Merck) and de-ionised water from an in-house 
installation. With a water bath, the MeOH mixture could also be 
heated. 
 
3 Single-cell investigations  27 
Generally, the tests were performed at near-ambient conditions, 
which in this case means at ambient pressure (1 atm) and 
temperatures from 20 to 80°C. The elevated temperatures were 
achieved by heating the end-plates of the test cell. See Section 3.1.2 
for more information about the cells used. All temperatures were 
measured with thermocouples of type K, connected directly to the 
data logger. 
 
Figure 3.1 Simplified flow sheet of the applied test station. 
With the electronic load (EL-500/60/100-0V from Zentro Elektrik), 
polarisation curves down to zero volts and stack performance up to 
250 Wel could be measured. Cell and stack resistances were 
determined with a milliohmmeter (model 4338B from Agilent 
Technologies), which applies a 4-point AC method at 1 kHz. All data 
were scanned by a data logger (model 34970A from Agilent 
Technologies), which was connected to a personal computer. 
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In addition to the permanent components of the test station, 
equipment for the impedance and mass spectroscopy measurements 
were included on demand. A Perkin Elmer Lock-in Amplifier model 
5210, Princeton Applied Research Potentiostat model 263A and a 
Kepco Power Booster BOP 20-20M were used for single-cell 
impedance experiments, while a multi-channel impedance analyser, 
Solartron 1254 Frequency Response Analyser, with two 8-channel 
extension units Solartron 1251, were utilised for the simultaneous 
measurement of single-cell impedances in a stack. The mass 
spectrometer used was a MKS Minilab from Spectra Products. With a 
liquid density transmitter (L-Dens from Anton Paar), the methanol 
concentration in the anode outlet could be found. 
3.1.2 Test cells 
Most of the single-cell experiments were performed with the test cell 
shown in Figure 3.2. Other cells used were based on components 
made of the same materials, the only difference was the end-plate 
design. Thus, they were in principle identical, and no difference in the 
cell performance or behaviour was seen by using different cells. 
At the beginning of work of this thesis, there were no commercially 
available MEAs for direct methanol fuel cells. A lot of development 
work was, and still is, going on at for instance OMG (now Umicore 
AG & Co. KG), E.I du Pont de Nemours and Company and W.L. 
GORE & Associates, but large numbers were not offered then. The 
standard MEAs used here were especially made for this thesis 
research and have already been described in Section 2.3.3. The 
active area of the test cells was 5x5 cm².  
Reinforced silicone (Saint Gobain Performance Plastics) was applied 
on both sides of the MEA as the sealant; two layers of 178 µm (7 mil) 
thick sheets were used on the anode and one 254 µm (10 mil) thick 
sheet on the cathode. The flow-fields were milled into 3 mm thick 
graphite composite material, SIGRACET® BMA 5 (SGL Technologies 
GmbH), with a micro-milling machine at Fraunhofer ISE. Standard 
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flow-field geometry was serpentine with 1.0 mm wide and deep 
channels. 
Isothermal operation of the fuel cells was achieved by letting 
tempered water flow through the internal channels of the aluminium 
end-plates. To improve the electrical contact between the graphite 
flow-fields and the end-plates, a piece of 90 µm thick carbon paper 
(Toray TGP-H-030) was placed between them. The four M8 screws 
were fixed with 3 Nm force.  
 
Figure 3.2 The components of the test cell for the single-cell characterisation.  
To be able to look into the flow-field channels during operation, 
another test cell had to be developed. The new cell was based on the 
same design as the test cell in Figure 3.2, but the long sides of the 
serpentine flow channels were milled completely through the graphite 
plate which was now only 2 mm thick. This was covered with a 5 mm 
transparent plexiglas plate, which was supported by a metal frame, 
see Figure 3.3. The current flows in-plane in the graphite plate, and 
copper current collectors were connected on all four long sides. Due 
to this design, the overall resistance increases, but these cells were 
only used for investigation of the carbon dioxide flow and not for 
comparing performance. Similar cells had been used previously at 
Fraunhofer ISE and served as a model for the cell presented here 
End-plate Graphite flow-
field 
Sealant MEA Contact GDL 
Reactant in-/outlet Heating water in-/outlet 
30  3.2 Single-cell characterisation 
[hak04]. A Nikon Coolpix 995 digital camera was used to take 
pictures of the CO2 flow. 
   
Figure 3.3 The transparent test cell for the visualisation of CO2 flow.  
Each new cell assembly was conditioned overnight by circulating  
1.0 M methanol and air through the anode and cathode flow-fields, 
respectively. This was mainly done to activate the MEA and 
especially the Nafion® membrane, but the MEAs proved to be very 
robust and gave reproducible results almost independent of the pre-
treatment. All polarisation curves were recorded under steady state 
conditions, both for single cells (from 2 to 5 minutes) and stacks (from 
5 to 10 minutes). More details of the procedures are given in the 
respective sections.  
3.2 Single-cell characterisation 
In the literature, there is not much work published on DMFC 
development and characterisation under ambient conditions. Many of 
the articles found focus on direct methanol fuel cells operating at 
elevated temperatures and pressures (around 100°C and up to 3 bar) 
and with cell areas exceeding 100 cm² [e.g. arg99b, but01, doh02b, 
shu99]. Therefore, results from the characterisation of single cells 
using mass spectroscopy, half-cell operation and impedance 
spectroscopy under near-ambient conditions, i.e. from room 
In/outlet 
Current 
collectors 
Graphite 
cell  
Metal  
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temperature up to 80°C at 1 atm pressure, are presented here. The 
first part gives a review of work presented in the literature and an 
introduction to the experimental methods applied. 
3.2.1 Introduction to separation of the electrode effects and 
impedance spectroscopy 
Methanol crossover and half cell operation 
A lot of effort has been put into characterising the methanol crossover 
in DMFC. The most frequently applied methods involve measurement 
of the carbon dioxide content in the cathode outlet by mass 
spectroscopy, infrared spectroscopy or gas chromatography [mei03, 
mue00, wan96]. However, the majority of this work is done at high 
temperatures and/or pressures. Generally, the accuracy of all 
methods is affected by incomplete methanol oxidation at the cathode 
and the presence of intermediate products in the outlet stream, as 
well as possible CO2 diffusion from the anode. In measurements 
presented by Wang et al. and Ren et al., complete conversion of 
cathodic MeOH to CO2 is assumed, and a possible CO2 crossover is 
not considered [ren97, wan96]. Later investigations have shown 
contradictory results. Dohle et al. found that the amounts of CO2 at 
the cathode originating from the anode could equal those from 
methanol crossover at high current densities [doh02a]. Another group 
claimed that this effect was negligible [gog04]. The reason for the 
discrepancies between the findings of the authors is most probably 
that the behaviour of the membrane electrode assembly is strongly 
dependent on the amount of catalyst, the properties of the gas 
diffusion layer and the production/preparation procedure for the MEA. 
Dohle et al. found the amount of CO2 crossover by feeding the 
cathode with pure nitrogen instead of air, also called half cell 
operation [doh02a]. Without oxygen, the crossover methanol cannot 
oxidise and the measured CO2 in the cathode outlet can only 
originate from the anode. Normal oxidation of methanol and reduction 
of oxygen take place in the full-cell experiments, see Equations 2-1 
and 2-2. By contrast, protons and electrons form hydrogen at the 
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cathode in the half-cell configuration, see Equation 3-1, thus, it acts 
as a reference hydrogen electrode. In practice, electrolysis of 
methanol takes place. Assuming that the losses on the hydrogen 
cathode are insignificant, this set-up may also be used in identifying 
the respective electrode overvoltages in a DMFC [amp01, gur02, 
sco04]. 
Cathode reaction, half-cell operation: 
2H3e6H6 ↔+
−+
 
3-1 
Unlike the PEMFC, both the anode and cathode in a DMFC exhibit 
considerable voltage losses already at relatively low current 
densities. Several attempts have been made to investigate these 
electrode effects separately. Due to the constraints of the cell 
construction and the requirement of physical contact with the 
electrolyte, it is rather difficult to place a reference electrode in a fuel 
cell. A dynamic hydrogen electrode (DHE) requires a small applied 
current between two electrodes positioned on each side of the 
membrane [kue94, rav96, ren00b]. Ren et al. and Li et al. have 
evaluated the DHE set-up by comparing it with the half-cell 
configuration [li04, ren00b]. They measured a small deviance in the 
potentials. At low current densities the half-cell concept gave a value 
which was too low, and a value which was too high at high current 
densities. The former was explained by the presence of oxygen in the 
nitrogen stream and the latter by a noticeable overvoltage caused by 
hydrogen evolution. However, the discrepancies were only a few mV, 
and in using pure hydrogen instead of nitrogen and operating at 
relatively low current densities, half-cell operation is a convenient and 
reliable method to determine the electrode overvoltages. 
Impedance spectroscopy 
Impedance spectroscopy has become an increasingly common tool 
in the characterisation of fuel cells [ive03]. It is especially useful in 
systems where the performance is governed by a number of coupled 
processes proceeding at different rates. For DMFC, though, until 
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recently only a few papers have dealt with such in-situ investigations 
[dia03]. The major part of these experiments was also done at high 
temperatures and elevated pressures, e.g. [mue00], but some 
impedance measurements of single cells at near-ambient conditions 
are included in [amp01, lui03, nak03, oto00, ric02]. 
Impedance spectroscopy proceeds by applying small signal 
perturbation, where the response of the various processes present in 
a dynamic system are revealed over a wide range of frequencies. In 
this way, information about several simultaneous processes 
influencing the system performance can be gained. Processes in fuel 
cells typically involve complex multi-step reactions, which are difficult 
to separate in steady-state experiments [ive03].  
During impedance spectroscopy measurements, the current (or the 
voltage) is applied with a harmonic signal to the cell. The voltage 
response is dependent on the frequency and the amplitude of the 
signal, as well as the process(es) with that characteristic time 
constant, see Figure 3.4.  
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Figure 3.4 Current voltage characteristics with impedance pertubation and 
signal around the operating point [ive03].  
If the experiments are performed galvanostatically, and a 
cosinusoidal current is applied:  
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( ) tωiti amp cos=
 
3-2 
where ω  is the frequency, ampi  is the current amplitude and t  is time, 
the voltage response can be described by:  
( ) [ ]φtωUtU amp += cos
 
3-3 
φ  is the phase displacement between the cell current and the cell  
voltage. Together with the reponse voltage amplitude, ampU , it varies 
with the frequency. The complex impedance, Z , of the system 
results from Ohm’s law: 
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with these real and imaginary parts: 
( ) ( ) ( )ωφωZZ cosRe =
 
3-5 
( ) ( ) ( )ωφωZZ sinIm =
 
3-6 
Electrochemical cells, like fuel cells, can be modelled with electric 
components such as resistors and capacitors. In a simplified model, a 
parallel connection of an ohmic resistance and a capacitance depict 
the electrode and a pure ohmic resistance connected in series depict 
the membrane, see Figure 3.5.  
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Figure 3.5 Equivalent electric circuit describing a fuel cell [dia03, ive03]. 
The electrode ohmic resistance might represent the charge transfer 
resistance of a reaction, while the capacitance can be attributed to 
the double-layer capacitance across the interface. The overall 
situation is much more complicated and physical parameters should 
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be extracted only with caution from fitting such models to 
experimental results. However, the equivalent electric circuit provides 
good understanding of the impedance spectra of fuel cells.  
There are many ways how to present the results from an impedance 
spectroscopy measuremement [ive03]. Of them, the Nyquist plot is 
often chosen. Here, the imaginary part of the impedance is plotted vs. 
the real part in the complex impedance plane, see Figure 3.6. oohmR ,  
is the membrane resistance, memohmR , , plus contact resistances. In 
such a plot, the capacitors have negative imaginary parts, while 
positive imaginary impedances are caused by inductive components. 
Purely ohmic impedances have no imaginary part [kem94]. 
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Figure 3.6 Example of a Nyquist plot, referring to the model in Figure 3.5.  
A model like the one shown in Figure 3.5, results in semi-circles, with 
the size and position depending on the value of the resistances and 
capacitances. The measured Nyquist plots are often more flattened 
semi-circles. This is caused by the inhomogeneous spatial 
distribution of mass, temperature and current in the cell [ive03] and 
the roughness of dispersed electrode surfaces [mue98]. An overlap 
between different semi-circles is also possible if the effects are 
activated in the same frequency region. If the cathode is fed with 
hydrogen as described before, only the anode and the membrane 
effects will show in the impedance spectra. 
A more detailed analysis of the data gained is possible by developing 
a mathematical model based on the physical processes taking place 
in the fuel cell. Simplified models for PEMFC have already been 
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verified [ger04], but due the more complicated reaction kinetics and 
mass transport processes for DMFC, such a procedure is well 
beyond the scope of this thesis. Additional background information 
about impedance spectroscopy is given in [ive03, kem84]. 
3.2.2 Separating electrode effects 
If nothing else is mentioned, the cathode was fed with 300 ml/min air 
or hydrogen and the anode with 15 ml/min 1.0 M methanol in the 
experiments presented below. 
The performance of fuel cells is highly dependent on the temperature. 
Membrane resistance, anode and cathode kinetics as well as mass 
transport properties are improved by increasing the temperature. 
Table 3-1 gives the measured cell resistance at different 
temperatures. The resistance decreases with temperature, thus, the 
membrane was still sufficiently humidified at high temperatures.  
Table 3-1 Cell resistance at different operating temperatures. 
Temperature 
[°C] 20 35 50 65 80 
Resistance 
[mΩcm²]  400 312.5 250 242.5 237.5 
In Figure 3.7, the IR-corrected full cell (black lines) and anode (grey 
lines) overvoltages at operating temperatures from 20°C to 80°C with 
1.0 M methanol are shown. The full cell overvoltage is calculated 
from the experimental polarisation curves and the theoretical open 
circuit voltage for these conditions, whereas the anode losses are 
measured in the half cell configuration. Due to kinetic, ohmic and 
mass transport effects, the overvoltages increase with current 
density. A significant decrease of the anode overvoltage is observed 
with increasing temperature, which can be attributed to improved 
methanol oxidation kinetics. It is considered to be a slow reaction with 
a strongly adsorbed intermediate. At low temperatures, the full cell 
overvoltage also decreases with increasing temperatures. However, 
above 65°C no further improvement is visible. Both the electro-
osmotic drag and diffusion of methanol and water increase with 
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temperature, which lead to water flooding and mixed potential on the 
cathode. Ren et al. reported on the same findings and stated that 
directly before the temperature is high enough to remove cathode 
water through evaporation in the channels, the danger of flooding is 
at its maximum [ren00b]. 
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Figure 3.7 IR-corrected full cell (black lines) and anode (grey lines) 
overvoltages at operating temperatures from 20°C to 80°C with 
15 ml/min 1.0 M methanol and 300 ml/min air or hydrogen. 
According to the results presented above, the anode accounts for 
about 60 % of the overall losses at 50°C. At higher temperatures, the 
anode fraction sinks, which is consistent with the literature for DMFC 
at higher temperatures as well [amp01, gur02, rav96]. From 20°C to 
65°C, the maximum power density triples from below 20 mW/cm² to 
almost 60 mW/cm².  
Due to the crossover effect, an increased methanol concentration 
affects not only the anode. More methanol is transported through the 
membrane at high MeOH concentrations, so the potential of the 
cathode decreases and more water is formed. In Figure 3.8, the IR-
corrected full cell and anode overvoltages with different methanol 
concentrations at 50°C are presented. The effect of low 
concentrations is seen by the arising limiting currents for operation 
with 0.10 M and 0.25 M. Both electrode overvoltages increase, which 
is caused by the lack of available methanol and protons at the anode 
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and cathode, respectively. The determined limiting currents 
correspond to those found by Ren et al. [ren00b]. 
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Figure 3.8 IR-corrected full cell (black lines) and anode (grey lines) 
overvoltages with methanol concentrations from 0.10 M to 2.0 M at 
15 ml/min, 50°C and with 300 ml/min air or hydrogen. 
No changes are visible on the anode overvoltage when the methanol 
concentration is increased. According to Ren et al., the oxidation rate 
has a zero-order dependence on methanol in this concentration 
range [ren00a]. As long as there is a surplus of water in the feed, the 
methanol kinetics should not be noticeably influenced by the 
methanol concentration. Similar measurements at higher 
temperatures also resulted in no changes at the anode with the 
MeOH concentration [kue94, kue98]. On the other hand, the cathode 
experiences more methanol and water with increased anode 
methanol concentration. This worsens the effect of the already 
present mixed potential, and the danger of water flooding increases. 
About 60 % of the total losses can be attributed to the anode, and, 
unlike the effect of the operating temperature, this does not vary 
much with methanol concentration. The highest cell performance was 
reached with the 1.0 M methanol solution.  
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3.2.3 Carbon dioxide and methanol crossover 
During the measurements described above, the cathode outlet was 
connected to a mass spectrometer, and the volumetric ratio of carbon 
dioxide in the gas flow was determined. Before the experiments 
started, the mass spectrometer was calibrated with gas mixtures 
similar to those expected. The full-cell (black line) measurements 
correspond to both methanol and CO2 crossover, while the half-cell 
(grey line) configuration reveals the carbon dioxide crossover from 
the anode to the cathode. All data were recorded at 100 mA/cm².  
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Figure 3.9 Equivalent current density of the CO2 measured in the cathode 
outlet at a) different temperatures with 1.0 M methanol and b) 
different methanol concentrations at 50°C. All data were obtained 
at 100 mA/cm². 
Figure 3.9 a) shows the equivalent current density of the measured 
carbon dioxide at different temperatures. Generally, methanol 
crossover is considered to increase with temperature. For the full-cell 
measurements, a minimum of carbon dioxide in the cathode outlet 
was found at 50°C. On the other hand, the half-cell data decrease 
with temperature, which means that the diffusion of CO2 through the 
membrane decreases with temperature. From experiments at 
constant humidity, it is known that the gas permeability through 
Nafion® membranes increases with temperature [god02]. However, a 
membrane in contact with liquid water has a higher water uptake at 
increasing temperatures [shi02], and a more swollen membrane is 
more gas-tight. This decrease in diffusion of CO2 with temperature 
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through the membrane can be an explanation for the initial decrease 
in the amount of CO2 found in the full-cell cathode outlet in 
Figure 3.9 a). 
Methanol crossover also increases with the anode feed methanol 
concentration. According to Figure 3.9 b), the full-cell equivalent 
current density is approximately three times higher with 2.0 M 
methanol-water mixture than for 0.5 M. A small decrease in CO2 
diffusion is observed (grey line). During water uptake measurements, 
Ren et al. found that the membrane swelling is proportional to the 
methanol concentration [ren00b]. The amount of water in the 
membrane was independent of the MeOH concentration, but 
methanol uptake increased with concentration. An increased swelling 
of the membrane can lead to a drop in CO2 diffusion. At these 
operating conditions there are very few comparable data, but Gogel 
et al. gives a full-cell value somewhat lower than 50 mA/cm² for 
pressurised operation at 25°C and with 1.0 M methanol [gog04].  
Figure 3.10 shows the equivalent current densities corresponding to 
the amounts of CO2 in the cathode outlet at different current 
densitites. Since the methanol concentration at the catalyst-
membrane interface decreases with current density, the methanol 
crossover decreases as well. Thus, the full-cell equivalent current 
density decreases with the cell current density. By contrast, the 
half-cell data increase with current density. The quantity of produced 
CO2 is proportional to the current, and more carbon dioxide on the 
anode leads to more diffusion through the membrane. From 
Figure 3.10 it can also be seen that the amount of CO2 on the 
cathode at high current densities almost only consists of CO2 from 
the anode.  
These results were obtained at 50°C and with a 0.5 M methanol 
solution. At higher methanol concentrations and temperatures, the 
fraction of methanol crossover will increase considerably, as shown 
in Figure 3.9 a) and b). Thereby, the fraction of CO2 from methanol 
crossover will increase. Dohle et al. measured that approximately 
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70 % of the CO2 came from the anode at 300 mA/cm², 85°C, 1.0 M 
MeOH and 3 bar [doh02a].  
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Figure 3.10 Equivalent current density of the CO2 measured in the cathode 
outlet at different current densities with 0.5 M methanol and at 
50°C. 
Although it is often assumed that the crossover methanol is 
immediately converted to carbon dioxide at the cathode [ren97, 
wan96], it is unlikely that the conversion is 100 % complete. Meier et 
al. claimed that as much as 20 % of the methanol remained. Another 
group reported methanol concentrations as high as 0.07 M in the 
liquid cathode outlet (at 90°C and 100 mA/cm² with 2.0 M MeOH) 
[ham03]. Therefore, to exactly determine the methanol crossover, a 
catalytic burner can be included between the cell outlet and the CO2 
analysing equipment [doh02a, gog04]. In this way, the remaining 
methanol is completely converted to CO2.  
In the experiments presented here, such a procedure was not 
applied, which may have caused too low values for the crossover to 
be determined. To estimate the dimension of this error, the methanol 
concentration in the liquid cathode outlet was determined by external 
laboratory analysis. Because of the small quantity of liquid at the 
cathode outlet under these operating conditions, the amount from a 
whole day of testing was collected and investigated. All cells were 
operated following the same test procedure, including total duration 
and current load, so the liquid samples represent an average. The 
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relative values, referred to 50°C and 1.0 M MeOH, are presented in 
Figure 3.11. At 50°C and with 1.0 M methanol, the cathode 
concentration was about 0.01 M, which corresponds to less than 1 % 
of the overall methanol crossover. Thus, it can be said that the MeOH 
conversion at the cathode was nearly 100 %.  
a)
0.0
0.5
1.0
1.5
2.0
0 30 60 90
Temperature [°C]
re
l. 
M
eO
H
 c
on
c
 b)
0.0
0.5
1.0
1.5
2.0
0.0 1.0 2.0 3.0
MeOH concentration  [M]
re
l. 
M
eO
H
 c
on
c
 
Figure 3.11 Relative amounts of methanol in the cathode outlet at a) different 
temperatures and b) methanol concentrations, corresponding to the 
measurements shown in Figure 3.9 a) and b), respectively. 
The initial increase in methanol concentration with temperature in 
Figure 3.11 a) is caused by the increased crossover. At higher 
temperatures, a higher conversion rate at the cathode catalyst may 
lead to the reduction in the amount of methanol. As expected, the 
amount of non-reacted methanol increases with methanol feed 
concentration, see Figure 3.11 b). 
3.2.4 Single-cell impedance spectroscopy 
With the same test cell and experimental set-up as described above, 
impedance spectra of both full cells and half cells were measured. 
Each impedance measurement was taken at frequencies from 
10 kHz down to 100 mHz in 30 steps. For these measurements, a 
shunt (100 mΩ) was connected in series with the cell to monitor the 
current. The set-up is shown in Appendix 1. During the experiments, 
it was assured that the peak to peak voltage amplitude did not 
exceed 10 mV, as suggested in [kem84]. 
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Figure 3.12 shows the Nyquist plots of the full cell impedance at 
100 mA/cm² with different air flow rates at 50°C. 90 ml/min 
corresponds to approximately twice the stoichiometric air flow rate. 
From the irregular semi-circle at low flow rates, it is immediately seen 
that the cell experienced a mass transport problem. Due to the 
dynamic behaviour of the water transport from the cathode (water 
flooding occurs), and the duration of the impedance measurement at 
low frequencies, the plot becomes highly irregular. It is not until the 
flow rate is more than 4 times higher than the stoichiometric value 
that further increasing the amount of air does not cause a significant 
improvement. 
Contrary to most hydrogen-fed polymer electrolyte membrane fuel 
cells, the DMFC also shows an inductive behaviour. Already in 1968, 
Schuhmann explained the inductive part of the Nyquist plot of 
electrochemical reactions by the adsorption mechanism of 
intermediates [sch68]. It is generally accepted that the methanol 
oxidation is limited by adsorption of carbon monoxide or other 
intermediates formed, see Section 2.2.2. This may also be the reason 
why inductive behaviour (i.e. positive imaginary impedance) is visible 
in the low frequency range when mass transport limitations are 
excluded (at high flow rates), see Figure 3.12. Both Müller and Diard 
have confirmed the inductive part in the DMFC Nyquist plots with 
kinetic theory, but with a single and triple adsorbate reaction 
sequence, respectively [dia03, mue99].  
Another explanation to the inductive behaviour was given by Antoine 
et al. [ant01]. They investigated the oxygen reduction reaction on 
platinum nanoparticles inside Nafion®. This mechanism can also be 
considered as containing adsorption steps with the adsorbed 
intermediates, adsOH  and adsHO2 , see Section 2.2.2. If the cathode 
reaction is a single step process, these adsorption steps are not 
included, which lead to the non-inductive behaviour mostly seen in 
the PEMFC impedance plots [ger03]. But, in the case of the DMFC 
cathode, it is possible that this changes in the presence of methanol. 
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Figure 3.12 Nyquist plots of the full-cell impedance at 100 mA/cm² with different 
air flow rates. Operating conditions: 50°C, 15 ml/min 1.0 M 
methanol and ambient air. 
The methanol flow rate is not as critical for the DMFC performance as 
the air flow rate. Basically, removal of gas bubbles with a liquid is 
much easier than removal of droplets with gas. The stoichiometric 
flow rate of 1.0 M methanol at 100 mA/cm² is about 0.25 ml/min. 
However, the parasitic methanol loss due to crossover is also 
significant. Amounts of up to 100 % of the “useful” MeOH 
consumption was found in the foregoing section, and have also been 
reported earlier [gog04, ren00a]. Thus, the real stoichiometric flow 
rate may be up to 2 times higher.  
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Figure 3.13 Nyquist plots of the full cell impedance at 100 mA/cm² with different 
methanol flow rates. Operating conditions: 50°C, 1.0 M methanol 
and 300 ml/min air at ambient conditions. 
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Nyquist plots of the full-cell and the half-cell impedance at 
100 mA/cm² with different methanol flow rates are shown in 
Figure 3.13 and Figure 3.14, respectively. In the full-cell plot, 
Figure 3.13, the curves represent both the anode and cathode 
impedance. A local maximum is seen at high frequencies (at 
~0.25 ohm cm²), which can be attributed to the cathode reduction 
reaction. The second semi-circle corresponds to the anode 
processes and should therefore resemble the semi-circle for half-cell 
operation. A methanol flow rate which is too low also influences the 
cathode. This is evident since the full-cell impedance at 0.5 ml/min is 
much higher than the half-cell impedance seen in Figure 3.14. The 
reduction of oxygen may be limited by the transport of protons and 
electrons to the cathode. If both the oxidised and crossover methanol 
are considered, a methanol flow rate of less than 2 times the real 
stoichiometric flow rate was sufficient to maintain stable operation. A 
further increase of the flow rate had no significant effect.  
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Figure 3.14 Nyquist plots of the half-cell impedance at 100 mA/cm² with 
different methanol flow rates. Operating conditions: 50°C, 1.0 M 
methanol and 300 ml/min hydrogen at ambient conditions. 
From the measurements presented in Figure 3.7, it was assumed 
that only the anode kinetics improve with temperature. When the 
Nyquist plots of the full-cell impedance in Figure 3.15 are examined, 
a decrease of the local maximum at high frequencies with 
temperature is noticed. 
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Figure 3.15 Nyquist plots of the full cell impedance at 100 mA/cm² and different 
operating temperatures. Operating conditions: 15 ml/min 1.0 M 
methanol and 300 ml/min air at ambient conditions. 
This may indicate that the oxygen reduction reaction in DMFC also 
improves with temperature. However, this could not be seen from the 
polarisation curves in Figure 3.7. The methanol and water crossover 
also increases with temperature, and the strong effect of the 
methanol-air mixed potential and water flooding at the cathode 
suppressed the temperature dependence of the electrode kinetics in 
the polarisation curves.  
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Figure 3.16 Nyquist plots of the half-cell impedance at 100 mA/cm² and 
different operating temperatures. Operating conditions: 15 ml/min 
1.0 M methanol and 300 ml/min hydrogen at ambient conditions. 
Just as in Figure 3.7, the anode losses in Figure 3.16 decrease with 
temperature. The oxidation of methanol, including intermediates, is 
faster at elevated temperatures. Therefore, the inductive part 
corresponding to the poisoning adsorption step is also smaller. 
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In Figure 3.17, the Nyquist plots of the full-cell impedance at different 
methanol concentrations are shown. Here, the 45° slope of the 
curves at high frequencies is more pronounced than in the previous 
figures. Generally, this is known from electrochemical cells with 
porous electrodes and limited electrolyte conductivity, and can be 
related to the coupling of the distributed ionic resistance and the 
distributed capacitance in the catalyst layer [and03, ger04]. The 
influence of methanol concentration on the total performance was 
also shown in the overvoltage curves in Figure 3.8. Since the effect of 
methanol concentration on the anode is minimal, both of these results 
indicate that the cathode losses increase with methanol 
concentration. Additionally, the impedance measurements presented 
here reveal an increased inductive behaviour with concentration. The 
same tendency was also seen in the anode Nyquist plots. If more 
water is available at the catalyst, the oxidation of the adsorbed 
intermediate is faster. This is valid for both the anode and the 
cathode. 
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Figure 3.17 Nyquist plots of the full cell impedance at 100 mA/cm² with different 
methanol concentrations. Operating conditions: 50°C, 15 ml/min 
methanol and 300 ml/min air at ambient conditions. 
As long as no mass transport problems occur, the cathode accounts 
for approximately one third of the total losses. At low temperatures, 
the anode kinetics is limiting, whereas at higher temperatures the 
mass transport at the cathode (water flooding) is limiting. This agrees 
with the conclusions found in [amp01, mue00, sie03]. 
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3.3 Anode gas diffusion layer 
Gas diffusion layers are essential components in direct methanol fuel 
cells, as discussed in Section 2.3.3. They serve as a support for the 
polymer electrolyte membrane, distribute reactants over the catalyst 
layer and conduct electrons from the reaction sites to the outer 
circuit. 
Here, the influence of different structures and hydrophilic/hydrophobic 
properties of the anode gas diffusion layer is investigated, both by 
looking directly at the carbon dioxide flow in the flow-field channels 
and by comparing the fuel cell performance. The most critical function 
of the cathode GDL in a DMFC is removal of water, essentially the 
same as in a PEMFC. Thus, it is not treated in this thesis. 
3.3.1 Investigated GDLs 
The investigated MEAs were based on GDLs from SGL Technologies 
GmbH, due to their wide spectrum of available materials. Samples 
with different degrees of hydrophobicity (PTFE-content) and pore 
sizes were applied, as well as GDLs with a microporous layer (MPL) 
and hydrophilic properties, see Table 3-2.  
Table 3-2 Characteristic properties of the investigated GDLs [Wil03a]. 
GDL Thickness [mm] 
Porosity   
[%] 
PTFE-content 
[wt%] 
31AA 0.30 89 0 
31BA 0.30 89 5 
31CA 0.30 88 10 
31DA 0.30 87 20 
30BA 0.28 80 5 
31BC 0.34 82 5 + MPL 
31AA# 0.30 - Hydrophilic 
The amount of PTFE in the GDLs varied from 0 to 20 wt% (31AA to 
31DA), whereas 5 wt% was standard. Generally, the pore size 
depends on the compression of the GDL in the cell, but for the 30BA, 
the mean flow pore diameter is given to be around 25 to 30 µm 
[wil03a]. The 31-series has somewhat larger pores, however, with the 
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microporous layer the effective pore size is reduced to about 5 µm 
[wil03a]. 
A carbon/PTFE-blend applied to one side of the GDL constituted the 
MPL. Hydrophilic properties were accomplished by coating the GDL 
with wolframoxide. The GDL 31AA was immersed in a wolframoxide-
ormosilan solution and subsequently sintered at 450°C for 
30 minutes. 
Scanning electron microscopy images of the GDL 31AA and GDL 
31DA are shown in Figure 3.18. It can be seen that large proportions 
of the area of the GDLs consist of blocked passages. Corresponding 
SEM images of the other investigated GDLs are presented in 
Appendix 2. 
a)  b)  
Figure 3.18 Scanning electron microscopy images of gas diffusion layers for 
the DMFC anode: a) GDL 31AA and b) GDL 31DA. 
The 5-layer MEAs used in these experiments were manufactured by 
Umicore AG & Co. KG. Each MEA consisted of a 100 µm thick 
Aciplex membrane, 4 mg PtRu/cm² (1:1 atomic ratio) on the anode 
and 2 mg Pt/cm² on the cathode, both carbon supported, and one of 
the above mentioned GDLs on the anode. The GDL 31BC was 
applied as a cathode gas diffusion layer in all MEAs. 
3.3.2 Visualisation of the CO2 flow 
The transparent test cell, shown earlier in Figure 3.3, was applied 
during the visualisation of the carbon dioxide flow at the anode. All 
experiments were performed in half cell operation, as in 
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Section 3.2.2.  
Pictures of the anode flow-field were taken at 50, 100 and 
200 mA/cm², all with 5, 10 and 15 ml/min of 1.0 M methanol and 
300 ml/min of hydrogen (cathode). An example of the carbon dioxide 
bubble flow in the serpentine flow-field is shown in Figure 3.19. The 
methanol-water mixture inlet is at the bottom right and the outlet is at 
the top left.  
It was observed that the CO2 accumulated along the channel. This 
inhomogeneous distribution of gas in the flow-field may lead to 
decreased liquid access to the catalyst near the outlet. Additionally, 
both liquid and gas were seen to flow in-plane in the GDL, due to its 
three dimensional porous structure. A thorough theoretical 
description of this phenomenon has been given by Dohle et. al 
[doh03]. 
Methanol-
water inlet
Methanol-
water outlet
 
Figure 3.19 Carbon dioxide bubble flow in the flow-field channels with GDL 
31AA, at 1.25 A and 15 ml/min of 1.0 M methanol. 
It was also found that the formation of CO2 bubbles was not 
homogeneously distributed over the whole area of the GDL. Bubbles 
were nucleated at certain locations, where a dynamic process of 
bubble growth, detachment and removal with the liquid flow occured.  
The general carbon dioxide bubble behaviour observed with the 
different GDLs can be summarised as follows, see also Figure 3.20: 
• Untreated GDLs (GDL 31AA) led to stationary bubbles in the 
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flow-field channels. After some time, when the bubbles had 
grown and combined with neighbouring bubbles, the channels 
were swept clean, see Figure 3.20 a). 
• Hydrophobic GDLs (GDL 31B/C/DA) exhibited considerably 
more “short-circuit” flow of CO2 between the flow-field 
channels. This in-plane flow of gas clusters in the GDL 
increased with the amount of PTFE. 
• Smaller pores in the GDLs (GDL 30BA) led to smaller bubbles 
in the channels. They were released earlier from the GDL 
surface, and single bubbles or trains of bubbles flowed in the 
channels, see Figure 3.20 b). 
• A micro porous layer on the catalyst side of the GDL (GDL 
31BC) may limit the release of CO2 from the catalyst surface. 
Large gas clusters were released from the GDL to the flow-
field channels, somewhat similar to the hydrophobic GDLs. 
Carbon dioxide might accumulate between the catalyst layer 
and the MPL until it forces its way out, see Figure 3.20 c). 
• Hydrophilic GDLs (GDL 31AA#) exhibited significant liquid flow 
in-plane in the structure, which reduced the flow rate and the 
removal of CO2 bubbles in the channel. Small bubbles were 
released from the GDL, but the residence time in the channels 
was long, see Figure 3.20 d). 
The release of bubbles is highly dependent on the GDL structure and 
the available open channels. According to Lu et. al, the diameter of 
the bubble at detachment, bd , is given by Equation 3-7, assumed 
that the process is dominated by buoyance and surface tension 
effects [lu04]: 
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a)  b)  
c)  d)  
Figure 3.20 Pictures taken during operation with the different GDLs: a) 
untreated (GDL 31AA), b) smaller pores (GDL 30BA), c) micro 
porous layer (GDL 31BC) and d) hydrophilic (GDL 31AA#). All were 
taken at 5A and 10 ml/min 1.0 M methanol. 
Where pd is the pore diameter, σ  is the liquid/gas interfacial tension, 
θ  is the surface contact angle, g  is gravity and lρ  and gρ  are the 
densities of the liquid and gas, respectively. By increasing the 
hydrophilic properties (decreasing the contact angle), the bubble 
diameter decreases. The same occurs when the pore diameter is 
decreased. The observed CO2 behaviour in the experiments concurs 
with this description. By adjusting the cross sectional area of the flow 
channels to the calculated bubble diameter, the problem of blocked 
channels may be avoided or reduced.  
3.3.3 Performance 
The fuel cell performance testing of the seven MEAs with different 
anode gas diffusion layers were carried out at 50°C with 15 ml/min 
0.5 M methanol and 300 ml/min air, see Figure 3.21. In addition, the 
same experiments were carried out with 1.0 M methanol as well, see 
Appendix 3. Since the mass transport properties of GDLs are more 
pronounced at lower concentrations, the differences between the 
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GDLs with 1.0 M were less distinctive than with 0.5 M. 
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Figure 3.21 Polarisation curves with different anode GDLs at 50°C, 15 ml/min 
0.5 M methanol and 300 ml/min air. 
From the polarisation curves it is seen that two of the MEAs, i.e. with 
the anodes GDL 31AA and 30BA respectively, exhibited mass 
transport limitations at much lower current densities compared to the 
other GDLs. The limiting current densities were roughly 160 and 
180 mA/cm², respectively. At high current densities, the MEAs with 
hydrophobic properties (GDL 31B/C/DA) had the highest cell voltage. 
Although, with increasing PTFE-content in the GDL, the output 
voltage became more unstable at high currents, especially with the 
GDL 31DA. 
Both Argyropoulos et. al and Oedegaard et. al have previously found 
that small pores are destructive for the two phase flow in the anode 
GDL [arg99a, oed04a]. However, the former experiments were 
performed at elevated temperatures and pressures and the latter at 
room temperature. Ideally, the flow of gas and liquid should take 
place separately in small and large pores, respectively [arg99a]. If all 
pores are small and of the same size, they will be occupied by gas 
bubbles, and subsequently limit the methanol-water access to the 
catalyst, as observed here with the GDL 31AA and 30BA. 
By increasing the hydrophobicity of the GDLs, regions for free gas 
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movement are created [sco98]. This also generates improved access 
of liquid to the active catalyst surface. An increased in-plane flow of 
CO2 in the GDL with PTFE content was observed in the transparent 
cell. Too much PTFE seems to limit the liquid flow through the GDL, 
which may have caused the unstable voltage output. 
The MEA based on the GDL 31BC, with the micro porous layer 
performed basically the same as the GDL without MPL, i.e. GDL 
31BA. Merely a thin carbon/PTFE layer on one side is the difference 
in the two materials. Since the catalyst layers in the MEAs also 
included carbon, these two MEAs were practically identical. Thus, the 
difference with the micro porous layer was negligible.  
Due to the hydrophilic properties of the GDL 31AA#, good liquid 
access to the catalyst was assured. Only at high current densities, 
the performance drops somewhat compared to the hydrophobic 
GDLs. This could be caused by the relatively large amount of blocked 
passages due to the treatment process, see Appendix 2. Lin et. al 
found that a hydrophilic anode GDL was advantageous [lin04]. 
However, they applied a thick carbon cloth, with sufficient open area 
for liquid flow. A GDL 31AA with less wolframoxide than applied here 
could therefore be interesting. 
The above investigated MEAs were unfortunately only sample 
products and were not available in large numbers for the rest of this 
thesis. Generally, a GDL with 5 to 10 wt% of PTFE would have been 
chosen for the anode. 
3.4 Anode flow-field geometry 
The important properties of and requirements on flow-fields were 
already described in Section 2.3.4. Here, investigations on the 
influence of the anode flow-field geometry on the stability of the fuel 
cell performance, are presented. Some of the results presented in 
this chapter have already been published in the “Journal of Power 
Sources” [tue04b] and “Fuel Cells – From Fundamentals to Systems” 
[oed04b]. 
3 Single-cell investigations  55 
3.4.1 Investigated geometries 
Serpentine and parallel channel structures are often used to facilitate 
mass transport to and from the active area. Due to the long channels, 
serpentine flow-fields feature high pressure drops between inlet and 
outlet, resulting in large parasitic energy demands. Especially in the 
case of small, portable fuel cell systems, the amounts of energy 
required to transport the fluids should be as small as possible. Flow-
fields with parallel channels exhibit lower pressure losses, but 
inhomogeneous reactant distribution can easily occur. Products of 
the electrochemical reactions, such as water and carbon dioxide, can 
block single channels and parts of the active area are bypassed.  
As reported in several publications, e.g. [ari00, bew01, tue03, wil03b], 
the flow-field geometry has a strong influence on the stability of the 
fuel cell performance. Poor transport leads to a low power output 
caused by build-up and subsequent removal of the mentioned 
products from the reaction surface. To ensure free access for 
reactants to the electrodes, products have to be removed from the 
active area and out of the cell. This removal is achieved via the gas 
diffusion layers and the flow-field channels. 
Interdigitated, spot, serpentine and double serpentine geometries 
were first applied as anode flow-fields, see Figure 3.22. Both the 
width and depth of the channels were 1.0 mm. The serpentine 
structure was also prepared with 1.5 and 2.0 mm wide channels.  
In addition to these geometries, a new flow-field design was 
investigated. The aim of the fractal approach applied was to obtain a 
uniform and continuous flow distribution, and, simultaneously, reduce 
the pressure drop by using a multiply branched structure with 
“smooth” flow paths similar to biological fluid channels. 
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a)  b)  
c)  d)  
Figure 3.22 Investigated a) serpentine, b) double serpentine, c)  spot and 
d) interdigitated flow-fields. 
These structures were generated by a computer algorithm called 
“FracTherm”, which originally had been developed to design 
structures for heat exchangers (e.g. absorber in a solar thermal 
collector). Research work on this topic is currently being carried out 
at Fraunhofer ISE [her03]. Two different fractal structures were 
created, mainly differing in the number of branchings.  
a)  b)  c)  
Figure 3.23 Investigated fractal and parallel flow-fields for the DMFC anode: 
a) parallel, b) fractal_1 and c) fractal_2. 
Since the fractal geometry in practice is a parallel configuration, it 
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was compared with a common parallel as well as a serpentine flow-
field, see Figure 3.23. Again the channels were 1.0 mm deep, the 
serpentine and parallel channels were also 1.0 mm wide. Due to the 
“FracTherm” algorithm the width of the fractal channels vary.  
In all experiments, a serpentine geometry with 1.0 mm wide and deep 
channels, was applied as the cathode flow-field.  
3.4.2 Influence of the flow-fields on the fuel cell behaviour 
The single-cell experiments were carried out at 50°C, with 200 ml/min 
air at ambient pressure and temperature, and 10 ml/min of 1.0 M 
methanol. Potentiostatic polarisation curves were measured under 
steady-state conditions (2-5 minutes per point), and current density 
measurements during operation for 3 hours at a constant voltage of 
250 mV were performed. 
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Figure 3.24 Potentiostatic polarisation curves of the investigated anode flow-
fields at 50°C, 10 ml/min of 1.0 M methanol and 200 ml/min air. 
At 50°C, the performance of two flow-fields, spot and double 
serpentine, deviated considerably from the others, see Figure 3.24. 
The special feature of these configurations is the lack of a forced 
direction of methanol flow. In the double serpentine geometry 
methanol and carbon dioxide can flow in either of the two channels, 
and in the spot design the flow pattern is fully free. This can lead to 
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areas with no flow, which turn into storage pockets for the produced 
CO2 gas.  
As the cell current increases, carbon dioxide evolution at the anode 
influences the performance more. Bubbles are formed at the catalyst 
surface and block for further oxidation of methanol. As these bubbles 
grow, the blocked catalyst areas become larger until the bubbles are 
released and transported out through the flow-field. As a result, the 
available reaction area increases, which also means that the total 
current increases. This continuous formation and bursting of bubbles 
causes an unstable current. The removal of carbon dioxide seems to 
be more efficient in flow-fields with a forced direction of methanol flow 
than with spot and double serpentine flow-fields. Bewer et al. 
reported that the positive influence of bubble formation on the 
homogeneous distribution and flow was only seen if the manifolds 
were suitable for gas removal [bew01]. This coincides with the 
instabilities observed here with spot and double serpentine flow-
fields.  
When the fuel cells were operated at 250 mV for three hours, the 
same effect occurred, see Figure 3.25. The current characteristics for 
the spot flow-field was unstable during the whole period, thus 
indicating that the removal of carbon dioxide from the anode was 
insufficient. Gülzow et al. also found that the flow distribution in 
serpentine channels was more homogeneous than in a spot flow 
geometry [gue02]. The low current density achieved during operation 
with the double serpentine design can be explained by assuming that 
the methanol only flowed in one of the channels, while the other one 
was blocked by carbon dioxide gas. This led to a lower active 
reaction area and to a lower overall current density. For most of the 
other flow-fields, the average current density value levelled off at 
around 80-90 mA/cm2.  
All tested flow-fields showed, to different degrees, a somewhat 
unstable current density, which was partially influenced by the carbon 
dioxide evolution mentioned above. However, one notable type of 
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behaviour in Figure 3.25 is the oscillating current density with the 
1.0 mm serpentine structure. This behaviour was not fully 
reproducible, but the effect was observed several times. 
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Figure 3.25 One hour current density characteristics for the investigated anode 
flow-fields at 250 mV, 50°C, 10 ml/min of 1.0 M methanol and 
200 ml/min air. 
During the three hours of operation at 250 mV, the inlet and outlet 
temperatures of both methanol and air flows were recorded. In 
Figure 3.26 and Figure 3.27, the cathode outlet temperature is plotted 
together with the current density for two different anode flow-fields. 
For the 1.0 mm serpentine configuration, the two curves are strongly 
correlated, see Figure 3.26. Due to the electrochemical reaction and 
the methanol crossover, large amounts of liquid (methanol and water) 
are present on the cathode. This has the same effect on the cathode 
as carbon dioxide bubbles have on the anode. The liquid blocks the 
active reaction area and has to be removed from the surface to 
improve the reactant access.  
The temperature oscillations were caused by the water droplets being 
transported out of the cathode and the much higher heat capacity of 
liquid compared to gas. When the measured air outlet temperature 
was low, little or no liquid flowed out of the cathode. Higher 
temperatures, however, indicate that hot liquid droplets were passing 
the temperature sensor on their way out of the cell. The oscillating 
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effect due to liquid removal from the cathode is dependent on the 
operating conditions and the history of the tested fuel cell, i.e. 
operating time, total current produced (thereby also amounts of 
water), flow rates and temperature.  
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Figure 3.26 Characteristics of the cathode outlet temperature and the current 
density during operation with a 1.0  mm serpentine anode flow-field 
at 50°C, 10 ml/min of 1.0 M methanol and 200 ml/min air. 
By comparing the characteristics of the serpentine and the spot flow-
fields, Figure 3.26 and Figure 3.27, two different effects are 
observed. The non-synchronisation between the cathode outlet 
temperature and current density curves for the spot design indicate 
that poor removal of gas from the anode also influences the cell 
performance. During operation, it was observed that the amount of 
gas leaving the cell varied with time. This agrees with the previously 
described effect of carbon dioxide evolution and removal from the 
anode catalyst surface. Consequently, the current density 
characteristics for the spot flow-field can be seen as a combination of 
influence from both gas and liquid transport from the anode and the 
cathode, respectively.  
The problem of instability at the cathode can be solved with a higher 
air flow rate. For portable applications though, the air flow is limited 
by the characteristics and the availability of small pumps. 
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Figure 3.27 Characteristics of the cathode outlet temperature and the current 
density during operation with a spot anode flow-field at 50°C, 
10 ml/min of 1.0 M methanol and 200 ml/min air. 
No significant differences were found in the fuel cell power output 
among the four best anode flow-fields, exept for a somewhat higher 
performance with the serpentine geometry, see Figure 3.25. This is 
also influenced by the small active cell area. Both air and methanol 
are sufficiently well distributed over the 25 cm2 surface with 
serpentine and interdigitated geometries. However, the results 
achieved should be transferred only with caution to cell areas much 
larger than the ones investigated here. 
3.4.3 Fractal flow-field geometries 
The fractal flow-field experiments were carried out galvanostatically 
at 50°C with 300 ml/min air flow at ambient pressure and 15 ml/min 
1.0 M methanol flow. A higher air flow rate was chosen to avoid the 
flooding problems on the cathode seen in Section 3.4.2. Polarisation 
measurements and operation for 3 hours at constant current 
discharge were performed. Removal of the produced carbon dioxide 
is facilitated by the methanol flow. Due to the higher density of liquid 
compared to gas, a homogeneous flow distribution over the whole 
reaction surface is sufficient to push the formed gas bubbles out of 
the cell.  
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Figure 3.28 shows polarisation curves taken with the different flow-
fields at 50°C. During measurements the same oscillating behaviour 
as described earlier was observed. As the current density increases 
the oscillating effect also intensifies, but was by no means as serious 
as seen in Section 3.4.2. After each current adjustment, the 
corresponding voltage values were read after some minutes, 
depending on the stability of the voltage. Both the fractal and parallel 
flow-fields showed poorer performance than the serpentine variant. 
The distinctive property of the serpentine configuration is the forced 
flow direction from inlet to outlet. In the fractal and parallel designs, 
methanol-water and carbon dioxide can flow in one or more of the 
many channels. This leads again to areas with no reactant flow, 
which turn into an inactive region occupied by produced CO2 gas, 
similar to the situation in spot and double serpentine flow-fields.  
A small difference in the cell resistance was measured between the 
parallel and fractal geometries. This was most probably due to the 
difference in the contact area between the graphite and the gas 
diffusion layer, see Figure 3.23. 
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Figure 3.28 Polarisation curves of the different DMFC anode flow-fields at 
50°C, 15 ml/min 1.0 M methanol and 300 ml/min air.  
As the cell current increased, the differences in performance also 
increased. More methanol and water were consumed and more 
carbon dioxide is produced, which had to be transported out through 
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the flow-field channels. CO2 bubbles were formed at the anode 
surface and blocked the active area for further oxidation of methanol. 
During galvanostatic operation, the cell voltage decreased to 
compensate for the reduction in active area.  
0
100
200
300
400
500
0 30 60 90 120 150 180
Time [min]
Vo
lta
ge
 [m
V]
Serpentine
Fractal_1
Fractal_2
Parallel
 
Figure 3.29 Three hours of constant current discharge DMFC tests. The cells 
were operated at a total cell current of 1, 2 and 3 A (serpentine 
4 A). This corresponds to current densities of 40, 80 and 120 
(160) mA/cm2. Operating conditions: 50°C, 15 ml/min 1.0 M 
methanol and 300 ml/min air. 
In addition to the polarisation plots, 3-hour tests at a constant cell 
current discharge were performed in order to investigate the 
characteristic behaviour of the output voltage, see Figure 3.29. At 
first, the cells were operated for one hour at 1 A, corresponding to 
40 mA/cm2. Subsequently, the cell current was increased to 2 A and 
3 A, or 80 and 120 mA/cm2, for the following hours. The serpentine 
flow-field was an exception, being operated at 4 A instead of 3 A. For 
all current levels, the serpentine flow-field operated at the highest cell 
voltage. The order of performance was the same as seen previously 
in the polarisation curves.  
Already at current densities as low as 40 mA/cm2, relatively large 
differences due to the flow-field design arises. The more channels the 
fractal flow-fields have, the more they seem to behave like a parallel 
flow-field, despite the lower pressure loss and optimal flow design. By 
comparing the parallel and fractal designs in Figure 3.23, it can be 
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seen that as the number of channels in the fractal design increases, it 
approaches more and more a parallel structure. In both designs, 
there are possibilities for channels being blocked by carbon dioxide 
bubbles.  
3.4.4 Summary of the anode flow-field investigations 
It has been shown that different structures have a large impact on the 
stability of the fuel cell operation due to their different ability to 
remove produced water and CO2. Under the present operating 
conditions, serpentine flow-fields showed both the highest and most 
reliable performance. While serpentine channels remove products out 
of the cells due to their forced flow direction, spot flow, double 
serpentine, parallel and fractal designs can exhibit blocked channels. 
Thereby, inhomogeneous flow distribution occurs, and parts of the 
catalyst surface are bypassed. A serpentine design ensures a more 
homogeneous flow in the cell, which is even more critical during stack 
operation.  
The fractal structures are strongly influenced by a couple of net 
parameters needed by the “FracTherm” algorithm. In order to obtain 
an optimised geometry, the parameters must be varied and the 
resulting structures have to be assessed using appropriate theoretical 
models to describe the behaviour of the fuel cell. This optimisation 
was not part of the work described here. Therefore, the fractal flow-
fields may still be improved for these conditions. 
For other operating conditions, where parallel flow-fields are 
commonly applied (e.g. higher temperature PEMFC), fractal 
structures may be an advantageous alternative. Their lower pressure 
loss reduces the parasitic energy demand and a more homogeneous 
flow distribution than with parallel design can be achieved. In 
particular, fractal structures can improve the fuel cell performance 
when single-phase mass transport is guaranteed. 
The experiments also showed that the flow-field design has very little 
direct influence on the maximal power output of liquid-feed direct 
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methanol fuel cells of this small size and under these operating 
conditions. However, with regard to the operating stability, and thus 
the possible operating power output, the structures show very 
different behaviour. A forced flow direction is needed to avoid areas 
with no flow movement, where gas and/or liquid can remain and 
block the active reaction surface. 
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4 A portable DMFC stack 
The foregoing chapter focussed on the important aspects for high 
and stable single-cell performance. Most appliances, however, 
require that several cells are combined to form a stack to supply the 
necessary power and voltage. Additionally, components like pumps, 
fuel storage units and control units are equally important for reliable 
system operation. In this chapter, the development and 
characterisation of a DMFC stack and a passive method of feeding 
methanol to the anode are presented. 
4.1 Stack development 
By the scale-up of single-cells to stacks, problems with 
inhomogeneous internal distribution of reactants to the cells may 
occur. This internal fluid flow takes place in manifolds. Two different 
3-cell stacks were investigated for stable performance, before the 
final stack was constructed. The assembly and the initial test of the 
25 W DMFC stack is also shown here. 
4.1.1 Introduction 
Most of the literature on DMFC stack development focusses on larger 
fuel cells and/or systems for power generators around 1 kW and 
automotive applications [e.g. arg99b, but01, doh02b, shu99]. These 
conditions are unrealistic for portable applications, and the results 
presented there are not necessarily transferable to smaller cells and 
systems. 
Some preliminary results on the development of DMFC stacks in the 
range of 50 to 150 W have been presented by the Los Alamos 
National Laboratory (LANL) and the Jet Propulsion Laboratory (JPL) 
[ren00a, val00]. LANL showed a 5-cell stack based on 45 cm² cells. 
At 60°C, the maximum power density was approximately 75 mW/cm². 
A similar stack made by JPL achieved 40 mW/cm² at 55°C, however, 
12 mg/cm² of catalyst was applied on both electrodes. The catalyst 
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loading in the former was not specified, but was probably also 
relatively high.  Both institutes were funded by the American DARPA 
military programme. DMFC companies like MTI and Smart Fuel Cells 
are reticent in publishing details on the performance and the 
characteristics of their stacks and systems. Generally, most of the 
published articles on DMFC under near-ambient conditions were 
obtained with very small single-cells [arg00c, arg99a, cru98, mue99, 
gog04, shu02]. 
In a fuel cell stack, the distribution of reactants to the individual cells 
is of great importance. Methanol and air can be fed either in series or 
in a parallel configuration, see Figure 4.1.  
a) 
a
 b)  
Figure 4.1 Cross-section of a) serial and b) parallel feeding configurations in a 
3-cell stack. 
This situation resembles the difference between serpentine and 
parallel flow-fields as described in Section 3.4. The series 
configuration assures equal flow through all cells, but suffers from a 
higher pressure drop due to the longer total channel length. Here, the 
products, water and CO2, accumulate all the way through the stack, 
which leads to different conditions in the cells. The parallel 
configuration experiences a lower pressure drop, but problems can 
occur due to the inhomogeneous distribution of methanol and/or air to 
the cells. If carbon dioxide bubbles or water droplets get stuck in one 
channel/cell, the methanol or air flow may bypass this cell. Thus, it 
has to operate at a lower voltage in order to maintain the same 
current density as the other cells. In a worst case scenario, one or 
more cells can reverse their polarity and start producing hydrogen at 
the cathode, i.e. methanol electrolysis. Both the serial and the parallel 
concepts were investigated with 3-cell stacks. 
Bipolar plates for the 3-cell stacks were designed based on the 
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foregoing single-cell experiments. Thus, a serpentine structure with 
1.0 mm wide and deep channels was chosen for both the anode and 
cathode flow-fields. The internal manifolds were cylindrical with a 
diameter of 4.0 mm, and the active area was the same as in single 
cells, i.e. 25 cm². All experiments were performed with 500 ml/min air 
flow at ambient temperature and pressure and 10 ml/min of 1.0 M 
methanol flow. Single-cell voltages were monitored to detect 
differences between the cells during operation. 
In addition to the air supply from the mass flow controller, a 
membrane pump was utilised to investigate the influence of pulsed 
air flow on water removal from the cathode. The air flow 
characteristics of the membrane pump (type DP 102 from Nitto 
Kohki) is shown in Appendix 4. Operation at elevated temperatures 
was achieved by heating the methanol-water mixture before feeding it 
to the stack. In this way, a more homogeneous temperature 
distribution in the stack could be achieved, compared to only heating 
the endplates. 
4.1.2 Series and parallel feeding of 3-cell stacks 
The results from the flow-field investigations showed that their design 
has little influence on the maximal power density of small, low-
temperature direct methanol fuel cells. For the stability however, the 
flow-fields are very important with respect to the removal of carbon 
dioxide and water from the anode and the cathode.  
Single-cell voltage characteristics during operation at cell currents of 
1, 2 and 3 A, corresponding to 40, 80 and 120 mA/cm2, with and 
without pulsed air flow, are shown in Figure 4.2. At low current 
densities, the single-cell voltages are almost equal, which means that 
all three cells in the stack experience roughly the same operating 
conditions. Differences are first seen at higher current densities, 
where mass transport has a greater influence on the fuel cell 
performance. This is obvious, as more reactants are needed and 
more products have to be removed from the reaction surface.  
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a) Series feeding with pulsed air flow. b) Parallel feeding with pulsed air flow. 
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c) Series feeding without pulsed air flow. d) Parallel feeding without pulsed air 
flow. 
Figure 4.2 Single-cell voltages at a total stack current of 1, 2 and 3 A, 
corresponding to 40, 80 and 120 mA/cm2, at 50°C, 10 ml/min of 
1.0 M methanol and 500 ml/min air. 
Due to the fuel consumption along the anode channel, the last cell in 
the series configuration experiences the lowest methanol 
concentration. Thus, it has lower voltage losses from methanol 
crossover than the first cell. However, this is also the cell which is the 
first to be limited by a low methanol fraction at the reaction surface, 
due to CO2 accumulation along the channel. At the cathode, the 
water produced in all cells has to flow through the last cell, thereby 
increasing the probability of flooding. Since the cells are electrically 
connected in series, the current through all cells must be equal. This 
means that with different operating conditions, variations in the 
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single-cell voltages arise. In extreme cases, the polarity of a cell can 
be reversed. Argyropoulos et al. also found that by stacking several 
cells together, this kind of problem may occur [arg00a].  
In a parallel-feed stack, all cells should, ideally, experience the same 
feed concentration and flow rate. The observed differences between 
the single-cell voltages in Figure 4.2 b) and d) can be explained by a 
lower air or methanol-water flow rate in some cells. Which can be 
caused by water or CO2 blocking of channels, a non-ideal flow 
pattern in the manifolds, or differences in the free active reaction area 
(the latter corresponds to the topic discussed in Section 3.4). 
The influence of pulsed air flow can clearly be seen in both the series 
and parallel configurations in Figure 4.2. These pulses can aid the 
removal of water droplets, which otherwise would block the channels. 
By using a pulsed air flow, the cathode channels can be kept free of 
water more effectively. Operating the parallel stack with the 
membrane pump resulted in the most stable voltage characteristics. 
For the series configuration, the opposite was true; the single-cell 
voltages were much more unstable with pulsed than with continuous 
air flow. 
A serial flow configuration assures an equal feed transport to all cells, 
while in a parallel configuration, this depends on the flow pattern and 
the possible blocking of channels. Since the reactants flow in parallel 
in the three channels, the flow rate in the channels is lower than in 
the series configuration. If the parallel stack were to have the same 
product removal properties (i.e. air flow velocity in the channels), its 
total flow rate had to be three times higher compared to the serial 
stack.  
Even though Figure 4.2 shows that the parallel configuration during 
pulsed operation was the most stable, this does not imply that the 
highest power output was obtained using this configuration. By 
adding up the single-cell voltages at 3 A for the serial stack, it turns 
out to be somewhat higher than the total voltage in the parallel stack. 
See also Appendix 5 for the corresponding polarisation curves. 
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An important factor in stack development is the pressure loss. The 
pressure drop from the inlet to the outlet facilitates the removal of 
water droplets and carbon dioxide bubbles from the cathode and 
anode channels, respectively. However, higher pressure drops also 
increase the requirements on the air and methanol-water pump. 
Figure 4.3 shows the measured pressure losses for both the series 
and parallel 3-cell configurations. 
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Figure 4.3 Pressure drop as a function of the air flow rate in the 3-cell stacks.  
Due to the longer flow path, the pressure drop in the serial stack was 
four times higher than in the parallel configuration. By upscaling a 
serial stack, the pressure drop increases linearly with the length of 
the flow channels. This, in practice, means that such a configuration 
is limited to very few cells. The maximal power output achieved by 
the stack was 5 W at 50°C, which corresponds to over 65 mW/cm². 
Compared to similar small stack experiments presented by Shukla et 
al., this is an improvement. There, a two cell stack reached 
40 mW/cm² at 65°C with 2.0 M methanol [shu98]. Argyropoulos et al. 
found that fuel cell stacks can be further optimised by varying the 
operation parameters as dicussed there [arg00b]. The authors 
investigated not only pulsed feed flow operation, but also pulsing of 
the load during operation. 
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4.1.3 Assembly of a 12-cell stack 
Based on the results described above, the components for a 12-cell 
parallel-feed stack were manufactured and assembled, see 
Figure 4.4. The dimensions of the bipolar plates were a thickness of 
3 mm and an area of 10x10 cm2, with an active area of 7x7 cm2. Due 
to the longer channels in the serpentine flow-fields after the upscaling 
from 25 to 49 cm², the channel width was increased to 1.5 mm to 
reduce the overall pressure drop. The performance of such a 3-cell 
stack was tested before the 12-cell stack was assembled, see 
Appendix 6. In the final stack, the pressure drop at 4.7 l/min air was 
30 mbar. Copper plates were used as the current collectors, while the 
plexiglas plates insulated the stack, preventing a short circuit 
between the anode and the cathode end-plates. Four thermocouples 
were included in the stack to monitor the temperature. 
a)  b)  
Figure 4.4 Images of a) the 12-cell direct methanol fuel cell stack and b) the 
flow-field of a bipolar plate applied in the stack.  
Over 30 W power output was achieved with 1.0 M methanol at 
60 ml/min and ambient air at 4.7 l/min, see Figure 4.5. This 
corresponds to a power density of 50 mW/cm2. During operation, the 
stack temperature reached 70°C. No increase in the membrane 
resistance was observed, so there were no short-term problems with 
heat management.  
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Figure 4.5 Polarisation curve of the 12-cell stack at 60 ml/min of 1 M methanol 
and air at 4.7 ml/min. The stack temperature reached 70°C during 
operation.  
During testing, it was determined that stable operation without pulsed 
air flow was not possible. One or more of the single-cell voltages 
dropped considerably as soon as the current increased. As predicted 
by Argyropoulos et al., the variation of the single-cell voltages limits 
the performance of the stack when the number of cells increases 
[arg00a]. There, a model of fluid flow in DMFC stacks was presented, 
where internal manifolding of parallel-feed stacks at around 80-90°C 
were discussed. The authors observed problems due to 
inhomogeneous reactant flow already when the stacks consisted of 
more than 10 cells.  
However, the problem with voltage instability was here solved by 
using the membrane pump to feed the cathode with air. The pulsation 
of the air flow resulted in a more homogeneous flow pattern and 
enhanced the water removal from of the cathode. 
4.2 Characterisation of the 12-cell stack 
For further characterisation, two more stacks were assembled. 
Identical MEAs and flow-fields were used, the only difference was in 
the external geometry of the bipolar plates and the endplates. No 
change in the performance of the new stacks was found. The other 
stack design is shown in Appendix 7.  
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4.2.1 Air and methanol-water flow rates 
Due to water and methanol crossover, large amounts of water are 
present at the cathode. At low temperatures, and, thus, low water 
saturation pressures, this leads to formation of droplets in the 
cathodic flow-fields and manifolds of the stack. The influence of the 
air flow rate on the stack performance with 1.0 M MeOH at 60 ml/min 
and 50°C is shown in Figure 4.6. Tests with 3.8 l/min, 4.3 l/min and 
4.7 l/min were performed. At 200 mA/cm² (or almost 10 A overall 
stack current), the stoichiometric air flow rate is about 2.2 l/min. In the 
lower current density region, no significant difference is observed 
between the curves. The air flow rate does not affect the performance 
until the current density is higher than 150 mA/cm². Usually, this 
behaviour is related to mass transport problems, either oxygen 
starvation or water flooding. Drying out of the membrane, as in 
hydrogen-fuelled PEMFC, is highly unlikely. Both the air flow rates of 
3.8 and 4.3 l/min are too low to maintain high performance. 
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Figure 4.6 Influence of different air flow rates at 50°C and 1.0 M MeOH at 
60 ml/min. 
Without considering the parasitic consumption due to methanol 
crossover, the amount of oxygen in 3.8 l/min of air is still more than 
twice the amount reduced at the cathode at 150 mA/cm². However, 
according to the results in Section 3.2.3, and the measurements 
presented by Gogel et al. and Ren et al., the equivalent current 
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densities resulting from methanol crossover can be as high as 
50-100 % of the cell current [gog04, ren00a]. The oxygen 
consumption on the cathode may therefore also be doubled, which 
indicates that there was a possibility of oxygen starvation at high 
current densities. In Figure 4.7 the single-cell voltages corresponding 
to the polarisation curve with 3.8 l/min air are shown. Already at low 
current densities, there was a difference of around 30 mV between 
the best and the worst cell. This difference increased until one single-
cell voltage dropped drastically as the current was raised to 
140 mA/cm². By increasing the current even more, several cell 
voltages started to oscillate. A similar effect was previously described 
in single-cells Section 3.4.2, with the conclusion that the behaviour 
was caused by the removal of water droplets from the cathode flow-
field channels. 
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Figure 4.7 Single-cell voltages during measurement of polarisation curves with 
3.8 l/min air as shown in Figure 4.6. 
If oxygen starvation was the main problem, several cell voltages 
should have decreased more simultaneously. Thus, it is more likely 
that some cells had difficulties with the removal of water from the 
cathode. A uniform distribution of air to all cells and removal of water 
from them is not easy to assure, and those with the lowest flow rate 
limit the total stack performance. Since the effective oxygen 
stoichiometry could be lower than two, this certainly also influences 
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the stack. By increasing the flow rate, the performance improved. 
But, this also increases the parasitic power consumption and the 
cathode water losses at the same time.  
While water is produced at the cathode, carbon dioxide is produced 
at the anode. Effective removal is equally important to obtain stable 
and good performance. Methanol is fed to the stack as a methanol-
water mixture at much lower volumetric flow rates than air. The 
difficulty with even distribution to all cells was demonstrated with air, 
where an increased flow rate improved the homogeneity. At 
200 mA/cm², the stoichiometric flow rate of 1.0 M methanol to the 
stack is 12 ml/min; considering the methanol crossover, it could be 
around 20-25 ml/min.  
The dependence of flow rates between 50 and 80 ml/min is shown in 
Figure 4.8. For all cases, the amount of methanol was well above the 
stoichiometric rate, nevertheless in the 50 ml/min test the voltage in 
one cell dropped immediately as the current was increased. It was 
only possible to operate at higher current densities with higher flow 
rates. Thus, the fuel distribution improved the same way as with air. 
Experience from the single-cell testing with high stoichiometric flow 
rates revealed no significant direct influence of the methanol-water 
flow rate, see Section 3.2.4. With a serpentine geometry anode flow-
field, the CO2 removal from a single-cell is usually no problem. As the 
number of cells in a stack increases, the fuel distribution between 
cells becomes more difficult [arg00c]. 
The poorer performance of the stack at flow rates higher than 
60 ml/min must be considered in combination with the experimental 
set-up. In order to start at 50°C, the methanol-water mixture was 
preheated before it entered the stack. During operation, the stack 
temperature increases even more due to efficiency losses, mainly 
from combustion of crossover methanol at the cathode. At some 
point, the temperature of the methanol-water mixture was lower than 
the stack, and then no longer heated the stack, but cooled it. The 
higher the flow rate, the greater was the cooling effect, thus the 
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decrease in performance. In an autonomous system, a similar 
situation will arise because the feeding loop will have a lower 
temperature than the stack most of the time. 
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Figure 4.8 Influence of different methanol-water flow rates with 1.0 M MeOH, 
at 50°C and 4.7 l/min ambient air.  
4.2.2 Methanol concentration and temperature 
Another important factor in direct methanol fuel cells is the methanol 
concentration in the anode feed. According to the oxidation kinetics of 
methanol, the ideal methanol-water molar ratio should be 1:1. Due to 
the crossover phenomenon, the methanol concentration is usually 
much lower, around 1 M, which corresponds to a molar ratio of 
approximately 1:25. Higher feeding concentrations lead to more 
methanol on the cathode side as well. In addition to a reduced 
cell/stack voltage caused by the mixed potential (methanol/oxygen), 
more water at the cathode reduces the access of oxygen to the 
catalyst. Two water molecules are formed by complete combustion 
from each crossover methanol molecule. At lower concentrations, the 
open circuit voltage is higher, but then the stack also experiences 
mass transport problems earlier because of methanol starvation. The 
performance of the stack operated with different methanol 
concentrations is shown in Figure 4.9. 
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Figure 4.9 Effect of varying the methanol concentration in the anode feed. 
Methanol flow rate 60 ml/min, 50°C and ambient air at 4.7 l/min. 
The results with the 12-cell stack show the same trend as with small 
single-cells, compare with Section 3.2.2. The OCV sinks with 
increasing methanol concentration, and the limiting current densities 
increase. At some point the maximum was reached, and the 
performance started to decrease when the concentration was further 
increased. Due to the large amounts of water at the cathode, the 
single-cell voltages were much more unstable when a high methanol 
concentration was used. The voltage oscillations around 150 mA/cm² 
seen in Figure 4.7, begins already at 60 mA/cm² in the 2.0 M test. 
The 1.0 M test showed the highest performance of all the 
investigated methanol concentrations. This is, as mentioned before, 
the most common value. Kulikovsky found the optimal MeOH 
concentration to be 0.97 M, by modelling the current-voltage curve of 
a DMFC [kul02].  
The situation in a stack is somewhat more complicated compared to 
single-cells. With the larger inlet and outlet manifolds and longer flow-
field channels, the amounts of accumulated water and carbon dioxide 
cause inhomogeneous conditions in the stack, especially at the 
cathode. Additionally, the temperature effect of methanol crossover is 
notable. It has been mentioned before, that the amount of crossover 
methanol might be as much as 100 % of the methanol oxidised at the 
anode. If the efficiency of a stack with 30 W electrical output, without 
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considering crossover, is 50 %, the total heat production in the same 
stack would be around 90 W. 60 W of this comes solely from 
combustion of the crossover-methanol on the cathode. This amount 
of heat is dependent on the methanol concentration, thus, operating 
with different concentrations leads to different stack temperatures. Up 
to 20 K difference in the stack temperature was measured between 
the 0.5 M and 2.0 M operation during the measurements shown in 
Figure 4.9.  
An increase in temperature primarily has a positive impact on the 
reaction kinetics. At the same time, the crossover of both water and 
methanol increases [ren97]. When tested at different temperatures, 
the low current density part of the stack’s polarisation curve improved 
significantly with rising temperature, see Figure 4.10. This part of the 
plot corresponds mainly to kinetic limitations. Throughout these 
measurements, the stack temperature could not be kept entirely 
constant, which resulted in an increase of up to 10 K during the 
polarisation curves.  
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Figure 4.10 Effect of varying the stack temperature with 1.0 M methanol at 
60 ml/min and ambient air at 4.7 l/min. 
The poor performance at 80°C has essentially nothing to do with the 
boiling point of pure methanol at 64°C. Through all of the 
experiments, the anode feed remained in the liquid state, since the 
1.0 M methanol-water mixture boils close to 100°C. Both the electro-
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osmotic drag and diffusion of methanol and water are dependent on 
the temperature. In the 80°C case, this led to critical amounts of 
water at the cathode, and the air flow rate was not sufficient to 
prevent flooding. Ren et al. reported the same findings at high 
temperatures for liquid-fed DMFC, as previously mentioned in 
Section 3.2.2. Directly before the temperature is high enough to 
remove cathode water by evaporation in the channels, the danger of 
flooding is at its maximum [ren00b]. 
4.2.3 Methanol crossover and thermal insulation of stack and 
fuel tank 
In the measurements presented above, the stack performance 
showed a strong dependence on methanol concentration and 
operating temperature. It was also mentioned that different stack 
temperatures resulted from varying the methanol concentration, 
despite efforts to keep the stack under isothermal conditions. The 
correlation between methanol concentration and stack temperature is 
shown in Figure 4.11.  
Here, the stack temperature was recorded during open circuit voltage 
operation with different methanol concentrations and insulation of the 
methanol tank and the stack itself. The temperature stabilised within 
75 minutes from start-up in most cases. When the methanol 
concentration is increased from 0.5 M to 2.0 M, the stack temperature 
at OCV rose from 29°C to 58°C, a difference of almost 30 K. This 
was due to the methanol crossover and direct oxidation at the 
cathode. For each mole of methanol diffusing through the membrane, 
726 kJ of energy is released during the cathodic combustion [vie03]. 
Thus, the temperature of both the methanol-water mixture and the 
stack itself increases until the heat of combustion equals the heat 
removal by fuel flow and thermal radiation from the stack.  
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Figure 4.11 Effect of methanol concentration and insulation of stack and tank 
on stack temperature at OCV. Methanol-water mixture at 60 ml/min 
and ambient air at 4.7 l/min.  
Another way to increase or keep the operating temperature as high 
as possible is to insulate the stack and/or the methanol-water fuel 
tank. During experiments with a thermally insulated stack, the 
temperature was considerably higher than without insulation. Over 
50°C was reached compared to 39°C in the non-insulated case with 
a 1.0 M methanol solution. At the beginning of each test, the 
methanol-water mixture (5 litres) was at room temperature. Since the 
fuel was pumped in a loop cycle, the temperature of the fuel in the 
tank increased as the temperature of the stack increased. In order to 
minimise the heat losses in the fuel tank and piping, they may be 
insulated as well as the stack. To evaluate the performance of a 
system with complete insulation of the tank and tubing, the methanol-
water mixture was heated to 60°C before entering the stack. This was 
in the temperature range which could be reached by the stack during 
operation without heating and insulation. If the fuel storage tank is 
insulated well enough, it is not unlikely that the fuel might reach the 
same temperature.  
The measurements in Figure 4.11 are also interesting with regard to 
start-up procedures for DMFC. As shown in Figure 4.10, the stack 
performance is highly dependent on temperature, and for the 
efficiency it is important to achieve a high operating temperature as 
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quickly as possible. This can be done both by insulating the stack 
and the fuel tank, and by operating with a higher methanol 
concentration during the first minutes. In case cooling of the stack is 
needed, insulation of the stack itself is not advantageous. 
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Figure 4.12 Performance and temperature of the stack for different methanol 
concentrations. Methanol-water mixture at 60 ml/min and ambient 
air at 4.7 l/min. 
In Figure 4.12 and Figure 4.13, the polarisation curves taken after the 
measurements shown in Figure 4.11 are presented. Additionally, the 
stack temperature is plotted in the same diagrams. The difference in 
conditions between the plots in Figure 4.12 and Figure 4.9 is the 
temperature control of the stack. At non-isothermal operation, the 
influence of methanol concentration is more complex due to the effect 
of methanol crossover on the stack temperature. Operation with 
2.0 M methanol performed better than with 1.0 M due to the 15 K 
higher stack temperature. However, long-term operation with high 
concentration is not desired due to efficiency losses. As noted earlier, 
the single-cell voltages were more unstable during operation with a 
high methanol concentration, which indicated more water in the 
cathode flow-field channels. Figure 4.13 shows the effect of insulating 
the stack and the fuel tank. Here also, the difference between the 
curves was due to temperature variations. Since it may be valuable to 
have the option to cool the stack by a fan, the best option would be to 
insulate the fuel tank and piping. 
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Figure 4.13 Performance and temperature of the stack with insulation of stack 
and tank. 1.0 M methanol-water mixture at 60 ml/min and ambient 
air at 4.7 l/min. 
4.2.4 Impedance spectroscopy measurements  
By applying the same half-cell measurement set-up as described in 
Section 3.2, the anode and cathode impedances of all cells in the 
stack can be separated. Each impedance measurement was taken at 
frequencies from 10 kHz down to 100 mHz in 40 steps. 
It has already been shown that the performance of direct methanol 
fuel cells strongly depends on the operating conditions, e.g. air and 
methanol flow rates, operating temperature and methanol 
concentration. Although there are temperature and concentration 
gradients in a stack, the inhomogeneous distribution of reactants to 
and removal of products from the cells mostly cause the unstable and 
non-uniform behaviour of the single-cell voltages, see earlier in this 
chapter and in Section 3.4.2. Figure 4.14 shows the Nyquist plots of 
the full-cell impedance for all 12 cells measured simultaneously in the 
stack at 70 mA/cm². 
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Figure 4.14 Nyquist plots of the full-cell impedance for all 12 cells at 
70 mA/cm². Operating conditions: 50°C, 60 ml/min 1.0 M methanol 
and 4.7 l/min ambient air. 
These Nyquist plots have the same typical character of a DMFC as 
those of single-cells, with the 45° slope at high frequencies and the 
inductive part at low frequencies, see e.g. Figure 3.13. The majority 
of the cells show almost identical plots, but in cells 2, 3 and 4, a 
second semi-circle is visible. Usually, this is interpreted as being due 
to mass transportation problems. However, from Figure 4.14 it is 
difficult to see exactly where or what the limiting effect was. 
Figure 4.15 presents the Nyquist plots of the half-cell (or anode) 
impedance under the same conditions as for the plots in Figure 4.14. 
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Figure 4.15 Nyquist plots of the half-cell impedance for all 12 cells at 
70 mA/cm². Operating conditions: 50°C, 60 ml/min 1.0 M methanol 
and 4.7 l/min hydrogen. 
Since the applied MEAs were identical to those in the single-cell 
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experiments, these anode impedance plots are essentially the same 
as those presented before, see Figure 3.14. Differences are mainly 
due to different current densities in the two measurements. The 
deviation between the 12 Nyquist plots is very small, which indicates 
that the conditions at the anodes were practically equal. Alternatively, 
the possible differences had no influence on the anode impedance 
plot and the performance.  
In Figure 4.16, however, where the cathode Nyquist plots are 
depicted, a serious discrepancy between the impedance curves is 
found. These plots are calculated from the full-cell and the half-cell 
measurements and correspond to the cathode impedance. The 
increased size of the cathode curves indicates that mass transport 
limitations occured. Water flooding of some electrodes led to a 
decreased active area in those cells, thus, an increased ohmic 
resistance and cathode impedance evolved. Equal removal of this 
cathode water is dependent on homogeneous air distribution to all 
cells by the manifolds, as earlier explained.  
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Figure 4.16 Calculated cathode Nyquist plots based on the results in 
Figure 4.14 and Figure 4.15. 
An inductive behaviour is also observed at the cathode, which 
probably relates to the oxidation of crossover-methanol. In the cells 
where no mass transport limitation occurs, the low frequency part of 
the cathode impedance is about one third of the total, compare with 
Figure 4.14 and Figure 4.16, the same relationship as obtained 
previously with single cells in Section 3.2.4. 
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4.3 A passive methanol feeding concept 
From the investigations of the 12-cell stack it was found that it is 
essential to control and adjust the methanol concentration to the 
anode consumption in order to minimise the voltage losses as well as 
the amount of liquid on the cathode. In a portable application it is 
additionally important to keep the system simple and reduce the 
parasitic power consumption of the peripheral components for fluid 
flow and control. Here, a novel passive way of adding methanol to the 
anode feed loop is presented. The concept is based on methanol 
diffusion through a permeable membrane tube, and has been filed for 
patent [oed03]. 
4.3.1 Methanol supply by a permeable membrane tube 
To minimise the mass transport limitations on the anode (see 
Section 2.2.4), the flow rate of methanol is high, i.e. the conversion 
rate of methanol is very low. Thus, the methanol-water mixture 
usually flows in a loop between the stack and the tank. Both water 
and methanol are consumed at the anode, and at some point they 
have to be refilled. From the total DMFC reaction Equation 2-3, it can 
be seen that the water balance is positive. As long as enough water 
is recovered from the cathode air outlet back to the anode feed loop, 
no extra water tank is required. Methanol should be stored in as pure 
a form as possible in order to guarantee a high energy density of the 
system.  
The simplest design is to have two tanks; one small “operating” tank 
with diluted methanol, where the recovered water is directed, and one 
larger concentrated methanol storage unit for methanol refill to the 
feed loop. This design requires one liquid pump for the methanol from 
the tank to the anode feed loop, in addition to the pump for the 
methanol-water mixture. To reduce the parasitic power consumption, 
a passive solution would be preferred. By applying a methanol-
permeable material, fuel can be added by means of diffusion. 
Figure 4.17 presents a passive methanol feeding concept based on a 
permeable tube immersed in a tank filled with concentrated methanol. 
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The diluted methanol flows inside the tube, whereas methanol is 
continuously added from the tank.  
 
Figure 4.17 A passive methanol feeding concept. 
Methanol diffuse from the tank to the feed flow due to a concentration 
gradient over the tube wall. The rate of methanol diffusion is 
dependent on the length of the tube, the flow rate, the temperature 
and the tube material. This feeding concept is connected in a loop 
with the stack. There, methanol is consumed and the concentration in 
the feed flow drops, before it increases again on its way through the 
permeable tube. Obviously, the common used DMFC membrane 
material, Nafion® would be one of the material alternatives. Such 
tubes are already available, mainly developed for humidifying/drying 
gases [per04]. 
4.3.2 Methanol transport equations in a permeable tube 
Methanol transport through a Nafion® membrane tube wall can be 
described by Fickian diffusion. Inside the tube, both convection and 
diffusion take place, see Figure 4.18. 
Since the volumetric flow rate in the tube is many orders of 
magnitude higher than the diffusion, it is assumed that flow in the x-
direction is dominated by convection. To simplify the calculations, 
only methanol transport through the membrane is considered. 
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Figure 4.18 Two-dimensional view of the methanol flow in the permeable 
membrane tube. 
Over time, there will be a certain drop in the methanol concentration 
in the tank caused by counter-diffusion of water. But this change is so 
slow that steady-state equations can be applied. The overall mass 
balance for methanol in the tube is given by [cus97]: 
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4-1 
Addition of methanol from the tank to the tube occurs by diffusion 
through the membrane: 
( )
y
C
TDN MeOHmemMeOHymemMeOH ∂
∂
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4-2 
Where the methanol diffusion coefficient, memMeOHD , , is dependent of 
temperature. The correlation is applied here, but will be explained in 
detail first in Section 5.1.1. The methanol diffusion coefficient and 
values from literature were already discussed in Section 2.2.1.  
If the tank concentration remains constant, and the increase in 
methanol flow concentration is small, Equation 4-2 can be written as: 
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4-3 
walltubel _  is the thickness of the tube material, while TANKMeOHC ,  and 
rxMeOHC =,  are the methanol concentrations in the tank and at the tube 
inside wall, respectively. The convective flow is calculated by the 
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volumetric flow rate of the methanol-water mixture, OHMeOHV 2,
& , through 
the tube: 
OHMeOHMeOHxMeOH VCN 2,,
&
=
 
4-4 
The average outlet methanol concentration from the tube is found by 
integrating the concentration at tubelx = . Even though the flow in the 
tube is mainly laminar, the methanol mixes well, at the latest in the 
stack. 
4.3.3 Simulated and measured methanol concentrations 
Experiments were performed with a Nafion® tube TT-070 (Perma 
Pure), with an inner tube radius of 0.76 mm and wall thickness of 
155 µm in the dry state. When exposed to water and methanol, the 
material swells to 115 % of its original size [dup04]. Pure water was 
pumped through the tubes, and the methanol concentration of the 
liquid at the outlet was determined by density measurement. 
Figure 4.19 shows both the measured and simulated methanol 
concentrations, as points and lines, respectively. 
The same methanol diffusion coefficient, as calculated from other 
measurements with membranes based on the same the Nafion® 
material, was applied in the simulations. At 25°C, is was found to be 
0.6⋅10-9 m²/s, see Section 5.2.1. Other than that, only the physical 
parameters from the experimental set-up was implemented.  
The dependence of the outlet methanol concentration on the chosen 
parameters was as expected: An exponential decrease with liquid 
flow rate and an increase with tube length, temperature and inlet 
methanol concentration. Due to the large methanol concentration 
drop over the membrane, the increase in outlet concentration was 
independent of the inlet concentration range investigated. 
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a) Methanol concentration dependency 
of flow rate in the tube, 22°C, 30 cm 
tube, inlet pure water. 
b) Methanol concentration dependency 
of the tube length, 22°C, 10 ml/min, inlet 
pure water. 
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c) Methanol concentration dependency 
of the temperature, 30 cm, 25 ml/min, 
input pure water. 
d) Methanol concentration dependency 
of the inlet methanol concentration, tube 
length 10 cm, 22°C, 10 ml/min. 
Figure 4.19 Simulated (line) and measured (points) methanol concentrations 
with the Nafion® tube TT-070. Only measured values in Figure d). 
Despite all the assumptions made, the simulated values are almost 
identical to the experimental results under these operating conditions. 
This is also due to the system simplicity, but still, the validity of the 
model is limited to these conditions. 
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4.3.4 Operation of the 12-cell DMFC stack with the passiv 
methanol feeding concept 
A simple DMFC system (without a control unit) based on the passive 
methanol feeding concept could consist of two pumps - one for air 
and one for the methanol-water anode feed cycle, the stack and two 
tanks. To recover the cathode water, the air outlet is connected to the 
methanol-water tank, see the system sketch in Figure 4.20. 
Pure 
MeOH
H2O + MeOH
AirPermeable tube
Air + H2O
Air + CO2
Stack
 
Figure 4.20 Schematic design of DMFC stack with passive methanol feeding. 
The methanol outlet concentration of the stack at 100 mA/cm² was 
measured to be 0.9 M at 50°C and with 60 ml/min 1.0 M methanol 
(more data are shown later in Table 5-3). Based on the above 
measurements and simulation of the passive feeding concept, it was 
calculated that a 20 cm (dry) tube would be sufficient to increase the 
methanol concentration to 1.0 M under the same operation conditions 
and 35°C in the methanol tank. A test set-up like the one shown in 
Figure 4.20 without water recovery was constructed. Figure 4.21 
shows the stack voltages and stack temperatures for the passive 
concept and for normal feeding with 1.0 M methanol during a 40-
minute period of operation. Both the temperature and the voltage 
were somewhat lower with the passive methanol feeding method, but 
normal operation with the new concept was successful. Due to 
degradation of the stack, the total power at 100 mA/cm² had dropped 
from 20 W to about 16 W at the time when these experiments were 
performed. A similar test with a 10 cm tube failed, because the 
methanol concentration after the tube was too low.  
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Figure 4.21 Comparison of the stack voltage and the stack temperature at 
100 mA/cm² during operation with a 1.0 M MeOH tank and 
methanol addition by a 20 cm Nafion® tube TT-070.  
Due to water diffusion from the anode feed flow through the tube wall, 
the methanol concentration in the tank sinks with time. This means 
that less methanol is added to the anode feed flow at constant 
operating conditions. In addition, the power output may also vary and 
then other methanol concentrations are required. Since the DMFC, to 
some degree, is independent of the methanol flow rate, this can be 
used to regulate the methanol concentration in the anode feed. If a 
higher MeOH concentration is required, the flow rate can be lowered. 
At OCV the pump can be shut off. It is important to design the tube 
such that the normal operation point is near the steep part of the 
curve, see Figure 4.19 a). Here, a small change in the flow rate gives 
a large change in the methanol concentration.  
To utilize the complete amount of fuel in the tank, solutions on how to 
lead the methanol directly from the tank to the anode feed loop have 
to be developed. By applying valves this can still be done without 
noticeable power consumption.  
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5 Mass transport and heat in a 
DMFC stack 
Direct methanol fuel cells are characterised by multi-step reaction 
kinetics, two phase flow and coupled dynamic processes, which 
involve a large number of physical parameters. Thus, computational 
simulation of DMFC is extremely complex, and much more than in 
the case of PEMFC. However, some models have been presented 
recently [div03, kul03, sie03, sim01a, sim01b, wan03]. Still, most fuel 
cell models are simply one or two dimensional and valid only at 
stationary conditions. For precise simulation of fuel cell stacks and 
systems, a coupling with the investigation of the dynamic behaviour 
of DMFC is necessary [arg00b, arg00c, nar01, sim01a, sim01b, 
sun01, zho01]. In this chapter, a simplified model of methanol and 
water crossover is applied to compare with measured amounts of 
liquid in the cathode outlet. Additionally, the carbon dioxide gas flow 
out of the anode and the stack efficiency are determined. 
5.1 Description of the processes 
From the total DMFC reaction equation (Eq. 2-3), the amounts of 
produced carbon dioxide and water can be calculated. However, due 
to transport of water, methanol and CO2 through the electrolyte, the 
experimental results deviate considerably from the amounts deduced 
from the reaction equation. The transport mechanisms can be 
described by Fickian diffusion and electro-osmotic drag [ren97, 
spr91], thus, they should be included in the calculations of water, 
methanol and CO2. 
5.1.1 Methanol and water crossover equations 
The measured quantity of liquid in the cathode outlet originate from 
produced water, according to the cathodic reduction of oxygen, as 
well as diffusion and electro-osmotic drag of water and methanol from 
the anode. Methanol on the cathode oxidises immediately to water 
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and carbon dioxide, see Section 3.2.3. Diffusion through the 
membrane can be expressed by Fickian diffusion: 
x
C
DN jjdiffj ∂
∂
−=,
 
5-1 
Where jD  is the diffusion coefficient for specie j  in the membrane. 
Most publications give a methanol diffusion coefficient in Nafion® of 
around 1⋅10-9 m²/s [bar02, cru98, qi02]. The temperature dependence 
of this coefficient was said to follow the equation used by Shimpalee 
and Dutta for the water diffusion coefficient in the same type of 
membrane [shi00]: 
( ) ⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛
−=
T
1
T
12416DTD
ref
TrefmemMeOHmemMeOH exp,,,
 
5-2 
TrefMeOHD ,  is the methanol diffusion coefficient at the reference 
temperature refT (in Kelvin, but without units in the equation above). 
Due to the large amounts of liquid present on the cathode, diffusion 
of water was initially considered to be negligible. Results presented 
by Mueller indicate that this assumption is valid at temperatures 
below 80°C [mue00].  
The amount of water and methanol dragged from the anode to the 
cathode depends on the current density, i , the cell area, A , the 
water drag coefficient, OHn 2 , and the molar ratio of water or methanol 
at the membrane-catalyst interface, jχ  [kul02]: 
jOHdragj χnF
iAN
2
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In a membrane equilibrated with water, the drag coefficient varies 
from 2 to 5, as mentioned in Section 2.2.1. The majority of the 
previously published data have been gained by using the same 
Nafion® N117 membrane, but the discrepancies may have arisen due 
to different catalyst coating methods, catalyst amounts and gas 
diffusion layer properties as well as differences in the hardware 
components.  
The methanol concentration was assumed to decrease linearly from 
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the anode flow channel, inMeOHC , , to the membrane-catalyst interface, 
catmemMeOHC −, . At the limiting current density, limi , the concentration 
there is zero. 
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By applying Faraday’s equation and an effective methanol diffusion 
coefficient in the GDL, the limiting current can be calculated as 
shown in Equation 2-27. The effective diffusion coefficient, 
effGDLMeOHD ,, , was found to be 1.6⋅10
-9 m²/s at 50°C from fitting to the 
single-cell results in Section 3.2.2, Figure 3.8. Furthermore, the GDL 
diffusion coefficient follows the same temperature dependence as the 
membrane diffusion coefficient, see Equation 5-2. 
For the calculation of water in the inlet and outlet airflows, the fitted 
equation for temperature-dependent water saturation pressure, OHp 2 , 
presented by Springer et al. was used [spr91]: 
( )3725 104454.1101837.92953.01794.2exp10
2
TTTp OH
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Both the inlet and outlet air temperatures of the stack were measured 
and used in the calculations. The standard inlet air humidity was 
approximately 25 %, while the outlet air may be assumed to be totally 
saturated with water at these operating conditions. 
5.1.2 Efficiency and heat 
Methanol crossover is followed by a decrease in the mass (or 
Faraday) efficiency. At low current densities, the loss of methanol by 
diffusion and electro-osmotic drag dominates the overall efficiency 
due to the parasitic fuel oxidation on the cathode [doh02b].  
One way of determining the stack efficiency is to measure the 
methanol concentration in the anode outlet at varying current 
densities, and, additionally, apply the voltage and the thermodynamic 
96  5.1 Description of the processes 
efficiencies, see Equation 2-32. These values were found and 
compared with efficiencies ascertained by using a calorimetric 
method. In this method, the stack was operated in a thermally 
insulated water container, while the temperatures of the air and 
methanol-water flows, stack and water in the container were 
recorded, see Figure 5.1. 3 litres of water were pre-heated to the 
operating temperature of the stack and added to the container. In 
preliminary investigations, the heat losses from the container to the 
surroundings were found to be around 7 to 8 W, as long as the 
temperature difference between the water inside the container and 
the surroundings was about 25°C, see Appendix 8. The heat capacity 
of the stack was also determined before the tests. 
OHOHCHAir 23 ++
223 COOHOHCHAir +++
inH∆
outH∆
surrqwaterq
stackq elW
waterdT
stackdT
WaterContainer
 
Figure 5.1 Schematic experimental set-up for the calorimetric stack efficiency 
measurements. 
An enthalpy balance of the anode and cathode flows, combined with 
the measured absorbed heat in the water and the stack, gives the 
total heat losses during operation, and so the stack efficiency.  
From the law of energy conservation, the total heat, totalq , and electric 
power, elW , equals the change in enthalpy of the involved species in 
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the stack, stackH∆ , at constant pressure and volume [atk97]: 
eltotalstack WqH +=∆
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The change in enthalpy is given by the difference between the in and 
outlet flow: 
inoutstack HHH ∆∆=∆
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Where these are the sum of the species molar enthalpies:  
∑
j
outjoutjout HNtAH ,, ∆=∆
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The inflow of a DMFC consists of methanol, water and air, while 
carbon dioxide is added to the outflow. The physical data for the 
enthalpy calculations were found in [atk97, ayl94, lid99, vdi98]. 
Heat produced in the stack is absorbed in the stack itself, stackq , the 
water in the tank, waterq , and lost to the surroundings, surrq : 
surrwaterstacktotal qqqq ++=
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These values were found in the above described calorimetric 
experiments. The efficiency of the stack, stackε , is then given by the 
ratio of electric power output to total energy. 
eltotal
el
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5.2 Stack characteristics 
During the experiments presented in Chapter 4, the amounts of 
carbon dioxide and water in the anode and cathode outlets, 
respectively, were determined as well. In this section, these are 
compared with calculated values based on the equations above.  
5.2.1 Carbon dioxide and water 
Figure 5.2 presents both the measured and theoretical amounts of 
produced carbon dioxide from the anode at different operating 
temperatures. At 120 mA/cm², the measured value only accounted 
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for about 75 % of the theoretical one. This can be explained by 
incomplete oxidation of methanol. The anode reaction mechanism 
consists of multiple steps and involves several intermediate products. 
Earlier results have shown traces of formaldehyde, formic acid, 
methyl formate and methylal in the anode outlet [ham03, wan00, 
was99]. From the experiments presented here, it can be seen that 
the amount of CO2 increases somewhat with temperature at low 
current densities, which correlates with a higher conversion rate at 
elevated temperatures. Carbon dioxide may also diffuse through the 
polymer membrane to the cathode side. Dohle et al. reported 
amounts as high as 20 % of the CO2 produced on the anode side at 
100 mA/cm² and a high temperature [doh02a]. The mass 
spectroscopy results from the half-cell operation with identical MEAs 
in Section 3.2.3 correspond to only 7 ml/min carbon dioxide gas for 
the stack at these operating conditions. Thus, it can be assumed that 
the main reason for the deviation between measured and theoretical 
value was the partial conversion of methanol. 
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Figure 5.2 Measured and calculated amounts of CO2 in the anode outlet at 
different temperatures. 
During measurement of the polarisation curves, the temperature in 
the stack increased, and deviated in some cases strongly from the 
initial values (the ones denoted in Figure 5.2), see Table 5-1. As 
mentioned before, this is due to the heat which evolved as a result of 
different efficiency losses throughout operation. Since the actual 
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stack temperatures at higher current densities were more equal, 
there are not large differences between the CO2 curves above 
75 mA/cm². The same carbon dioxide measurements were made with 
different methanol concentrations as well, and, as expected, no 
variations were found, see Appendix 9. 
Table 5-1 Measured stack and air outlet temperatures during operation, in °C. 
Stack temperature at [mA/cm²] Initial 
temperature 0 40 80 120 
Air outlet 
temperature 
25 33 39 46 52 26-37 
35 41 45 49 52 31-41 
50 55 58 60 62 37-43 
65 67 68 69 71 49-52 
Throughout the CO2 experiments described above, the amounts of 
liquid water in the cathode outlet were also collected and measured. 
Figure 5.3 shows the mass flow of water found during operation at 
different temperatures. A methanol diffusion coefficient of 
1.0⋅10-9 m²/s at 50°C and a water drag number of 5 were adopted for 
the calculations. Most astonishing is the relationship between the 
water produced by “useful” oxygen reduction (denoted as “produced 
at cathode”) and the total amount at the cathode. At 100 mA/cm² the 
ratio is even less than 1:10, which means that more than 90 % of the 
water comes from crossover of water and methanol. 
In the low current density region, the influence of temperature on 
diffusion is seen. Table 5-2 shows measured and calculated amounts 
of water at open circuit voltage. The calculations were based on the 
equations presented above (Equations 5-1 to 5-5). The temperatures 
and the methanol concentrations were the only variable input 
parameters.  
Table 5-2 Calculated and measured amounts of water in the cathode outlet at 
open circuit voltage. 
Test conditions 1.0 M 25°C 
1.0 M  
50°C 
1.5 M  
50°C 
1.0 M    
65°C 
Measured [g/h] 21.6 29.6 45.7 58.1 
Calculated [g/h]  20.4 29.3 45.5 55.5 
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At higher currents, the curves form straight lines, indicating that the 
electro-osmotic drag is dominating. Due to the non-perfect isothermal 
operation and the resulting increase in stack temperature as shown in 
Table 5-1, all curves approach each other at higher currents.  
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Figure 5.3 Measured and calculated amounts of water in the cathode outlet at 
different temperatures. The calculated values were found for 
operation at 50°C. 
In Figure 5.4, the effect of higher methanol concentration on the 
amount of liquid water on the cathode is seen. According to 
Equations 5-1 and 5-3, both diffusion and electro-osmotic drag of 
methanol through the membrane increase. The corresponding 
decrease in water concentration in the anode feed was relatively 
small and an effect should not be detected. However, two moles of 
water are formed on the cathode from one extra mole of crossover 
methanol. Already an increase in concentration from 1.0 to 1.5 M 
gives a noticeable increase in the amount of cathode water. During 
the investigation of the effect of varying methanol concentrations, see 
Figure 4.9 and Figure 4.12, the increased single-cell voltage 
oscillation with methanol concentration was explained by more water 
in the cathode flow-fields during operation with high concentrations. 
The results presented in Figure 5.4 justify this statement.  
Generally, the calculated values agree properly with the 
experimentally found ones. So, the water and methanol transport can 
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be well described by the simplified equations and parameters above. 
Diffusion of water at low temperatures is negligible compared to 
electro-osmosis and water from methanol diffusion, as also found in 
[mue00]. 
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Figure 5.4 Measured and calculated amounts of water in the cathode outlet for 
different methanol concentrations. 
From a system point of view, the overall water balance is a central 
topic. In Section 4.3, the importance of a pure methanol storage for 
obtaining a high energy density of the total system was discussed. In 
order to achieve this, the water consumed on the anode, according to 
Equation 2-1, and the water lost to the cathode through crossover 
have to be recovered at the air outlet and returned to the anode feed 
loop.  
By looking at Figure 5.5, it can be seen that the calculated water 
balance of the stack, without having considered crossover, is 
negative at high air outlet temperatures, i.e. more water is removed 
out of the stack by the air outlet than produced through the reaction 
equation. This means that liquid water has to be condensed to 
prevent an overall loss of water.  
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Figure 5.5 Calculated water balance for the stack operating at 50°C without 
crossover at different current densities. Constant air flow of 
4.7 l/min at 25°C and 25 % rel. humidity. 
At 200 mA/cm², the applied 4.7 l/min air corresponds to about 
2.1 times the stoichiometric flow rate. Lower current densities 
correspond to higher stoichiometric flow rates. If the stack current 
density is 200 mA/cm², the air outlet temperature can be maximum 
50°C, in order to have a positive water balance. 
Due to the later comparison of the calculated water balance with the 
crossover effect, different current densities and not air flow rate 
stoichiometries, as commonly used, were plotted in Figure 5.5. This 
had to be done since methanol crossover is not linear with current 
density, and the same stoichiometric air flow gives different water 
amounts at different current densites. However, in Appendix 10 a 
figure with stoichiometric air flow rates, corresponding to Figure 5.5, 
is shown. According to this, the air outlet temperature should not be 
higher than 55°C, if the air flow is two times the stoichiometric rate.  
However, in addition to the water produced from the oxygen 
reduction on the cathode, additional amounts are generated from the 
combustion of crossover methanol on the same electrode. 
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Figure 5.6 Calculated water balance for the stack operating at 50°C with 
crossover and 100 % conversion of methanol to water at different 
air outlet temperatures. Constant air flow of 4.7 l/min at 25°C and 
25 % rel. humidity.  
In Figure 5.6 the effect of methanol crossover is added to the 
calculations. According to Equation 2-3, two water molecules are 
formed for each molecule methanol reaching the cathode. Provided 
that the conversion of methanol to water is 100 %, water neutral 
operation of the stack is possible at far higher air outlet temperatures 
compared to the case without methanol crossover, see also 
Figure 5.5. At 200 mA/cm², the air outlet temperature can be over 
70°C without causing water losses. This is only due to the methanol 
crossover effect, which of course means a loss of fuel and lowers the 
overall energy density, but on the other hand it saves costs and the 
volume of a condenser. 
5.2.2 Efficiency and heat 
The overall stack efficiency was ascertained by applying two different 
approaches. In Table 5-3, the measured methanol concentration in 
the anode outlet at different current densities during operation at 
50°C, with 1.0 M methanol at 60 ml/min and 4.7 l/min air is given. 
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Table 5-3 Methanol concentration in the anode outlet during operation at 
different current densities. 
Current density 
[mA/cm²] 
Tank 
conc 0 20 40 60 80 100 120 
MeOH conc    
[M]  1.030 0.994 0.979 0.960 0.941 0.922 0.904 0.898 
Already at OCV the concentration drop was significant. As the current 
density increases, the methanol consume increases, thus, the 
concentration decreases. Generally, the thermodynamic efficiency for 
fuel cells is very high. For DMFC operating under these conditions, it 
is approximately 96 % [ham03]. The mass efficiency is dependent on 
the methanol crossover, and increases with current density. At 
100 mA/cm² it was measured to be over 80 %, similar to values 
presented in the literature, e.g. by Müller [mue00]. Traces of 
methanol at the cathode lead to a mixed potential, and, together with 
the slow kinetics, this is responsible for the low voltage efficiency, of 
approximately 30-50 %.  
Combining all effects in Equation 2-32, the stack efficiency reaches 
its maximum just below 25 %. Figure 5.7 shows the stack efficiencies 
as well as the corresponding polarisation curves for both methods.  
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Figure 5.7 Polarisation curves and efficiency of the stack measured by 
applying a calorimetric method and by using the outlet methanol 
concentration in calculations. Operating conditions: 50°C, 1.0 M 
MeOH at 60 ml/min and 4.7 l/min air. 
The two methods agree well, and are somewhat higher than 
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previously published data on comparable single-cells [val00] and 
stacks [jia04]. Which were both less than 20 %. The poor overall 
efficiency at low current densities is due to the low mass (faradaic) 
efficiency. Without adjusting the methanol concentration to the 
consumption at the anode, dynamic operation of DMFC will lead to 
very inefficient operation. The PEMFC, however, does not suffer from 
crossover and therefore has a much higher efficiency for partial 
loads.  
With a power output of 30 W and an overall stack efficiency of 25 %, 
90 W of heat is produced. Since most of the heat is absorbed by the 
methanol-water flow, this leads to an inhomogeneous temperature 
distribution from the inlet to the outlet as seen in Figure 5.8. The 
figure shows a side view infrared image taken of the DMFC stack 
during operation at 120 mA/cm², see also Figure a) in Appendix 7 for 
comparison. Methanol enters the stack at the bottom left, and exits 
from the top right. The anode feed was not heated before entering 
the stack. A temperature difference of almost 10 K arose between the 
inlet and outlet anode manifolds. Such an inhomogeneous 
temperature distribution in the stack leads to a difference in the 
performance of the single-cells. 
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Figure 5.8 Side view infrared picture of the stack at 120 mA/cm², 1.0 M MeOH 
at 60 ml/min and 4.7 l/min air. See also Figure a) in Appendix 7. 
5.3 Comparison PEMFC vs. DMFC system 
In this thesis, only the stack and a methanol feeding concept have 
been investigated. However, a completely autonomous fuel cell 
106  5.3 Comparison PEMFC vs. DMFC system 
system consists of additional components, such as pumps, filters, 
valves, sensors, heat and water management, DC/DC converter and 
a control unit. All this is necessary to assure a stable and reliable 
power output of the system. Of course, the parasitic power 
consumption of the peripheral components should be kept at a 
minimum. 
Despite the low power density and the higher catalyst loading, many 
research groups are focusing on DMFC for portable applications 
[cro03]. The main reason for this is the choice of fuel, whereas 
methanol has several essential advantages over hydrogen: 
• Availability  
• Energy density  
• Public acceptance  
• Existing safety standards 
The early introduction of fuel cells for portable applications based on 
methanol is therefore easier and faster than with hydrogen. In 
addition, another advantage of the fuel cell systems is the 
consumers´ relative insensibility to costs. 
Based on the results from the development work presented here, a 
system comparison between the PEMFC and the DMFC was 
performed. A previously presented 50 W PEMFC system from 
Fraunhofer ISE served as reference case4. The PowerBox shown in 
Figure 5.9 was developed together with the company Masterflex to 
the Hannover Trade Fair in 2004 [ise04a].  
Without the hydrogen tank, the size of the fuel cell system is 6.3 litres 
[zob04]. Hydrogen can be supplied from metal hydride tanks, 
pressurised gas cylinders as well as other storage technologies. At 
ambient operating conditions, a 50 W system output is guaranteed. 
The main components of the PowerBox system are the PEMFC 
stack, two gas pumps - one for air and one for the hydrogen anode 
                                                                          
4The announced system power output was only 35 W. However, this was limited by an unsuitable 
DC/DC converter and a more realistic continuous power was 50 W  [zob04].  
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loop, cooling fan for the stack, valves, control unit and a small tank 
for water recirculation. 
 
Figure 5.9 PowerBox developed at Fraunhofer ISE for MasterFlex [ise04b]. 
In a direct methanol fuel cell system, most of the components would 
be the same or similar. A larger air pump is required for the DMFC 
due to the crossover effect and the resulting humid cathode, but the 
liquid pump for the methanol-water mixture can be smaller than the 
hydrogen recirculation pump in the PowerBox. Additionally, PEMFC 
systems acquire some volume for stack cooling, which is less critical 
for a DMFC stack of this size. However, here water has to be 
recovered from the cathode outlet, and thereby the cathode outlet 
may have to be cooled. Instead of a pressure reducing valve for the 
hydrogen gas, a methanol sensor for concentration measurements is 
needed in DMFC systems. In both systems temperature sensors and 
valves are required as well as miscellaneous fluid and electrical 
connections. The control units would be practically the same. 
Alltogether, it can safely be assumed that the overall size of the 
peripheral components and the packaging of them would be the 
same in a DMFC and in a PEMFC, see also Figure 5.10. The power 
lost due to the peripheral components in the PowerBox were 
maximum 10 W [zob04].  
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Figure 5.10 Flow sheet of a PEMFC and a DMFC system. 
To achieve 50 W output in a comparable DMFC system, at least 
60 W continuous power from the stack is required. This correponds to 
about 2.5 times the stack presented in this thesis, thus, a volume of 
around 1.6 litres. The calculated energy density of the hydrogen 
storage was based on metal hydride storages from the company 
HERA Hydrogen Storage Systems. Tanks with 80 and 250 Nl of 
hydrogen were used as basis. Storage of concentrated liquid 
methanol is easier, and the energy density was assumed to be close 
to the value for pure methanol, see Table 5-4. 
Table 5-4 Data for the comparison of PEMFC and DMFC systems with a 
50 W continuous power output [zob04]. 
 PEMFC DMFC 
Stack volume [litres] 0.333 1.625 
Stack efficiency [%] 50 24 
Fuel tank energy density [kWh/l] 1.33 4.78 
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Based on these data, the volume of the stack and the fuel tank for 
varying operating times were calculated for both PEMFC and DMFC, 
see Figure 5.11. 
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Figure 5.11 Calculated volumes of the stack and the fuel tank in a 50 W 
portable PEMFC and DMFC system vs. operating time.  
For operating times shorter than 35 hours between each refill, the 
hydrogen fuelled PEMFC is superior to the DMFC. Thus, the 
advantage of a higher energy density fuel first compensates for the 
low stack power density at very long operating times. In practice, this 
corresponds to stand alone systems in remote areas, which are far 
from civilisation and difficult to reach. Examples of such are 
telecommunication and weather stations. The conclusion here is 
based on the 50 W Power Box described above and is only valid for 
similar systems. For much smaller or larger systems, another 
relationship between a PEMFC and a DMFC system may be found.  
It should be mentioned that other factors such as weight and 
especially costs are important as well. The metal hydrides in the 
hydrogen storage are very expensive, but, on the other hand, due to 
the higher catalyst loading and larger required reaction area in 
DMFC, the cost of a DMFC stack is much higher than an analogous 
PEMFC stack.  
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6 Conclusion 
This thesis deals with the development and characterisation of a 
portable direct methanol fuel cell stack. In addition, calculations of the 
transport of methanol and water in the membrane are compared with 
experimentally determined values. It also includes investigations of 
the behaviour of single-cells and some of its components, as the 
anode gas diffusion layer and the anode flow-field. For the addition of 
methanol to the anode feed loop, a passive concept based on a 
permeable tube was developed and verified by both experiments and 
simulations. 
During the single-cell experiments, the effects of the anode and 
cathode were separated by half cell operation. This was achieved by 
feeding the cathode with hydrogen, thus, in practice performing 
electrolysis of methanol. From these measurements it was found that 
the cathode accounts for approximately one third of the overall 
losses, as long as no water flooding occurs. It was also shown that 
methanol conversion to carbon dioxide and water on the cathode is 
practically 100 %.  
With a transparent test cell, it was possible to directly observe the 
carbon dioxide flow out of the anode gas diffusion layer and in the 
flow-field channels. The separated flow of gas and liquid in the GDL, 
by moderately hydrophobic properties, assured a good and stable 
cell performance. A too high PTFE-content led to large proportions of 
blocked areas and limited the access of methanol/water to the 
catalyst. 
The flow-field geometry is just as important as the GDLs for stable 
fuel cell operation. Of all the investigated flow-fields, the serpentine 
geometry, with a forced flow direction, removed most sufficiently the 
gaseous products from the anode. 
Based on the results from the single-cell experiments, a 12-cell stack 
with 49 cm² active area and serpentine flow-fields was designed and 
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assembled. At around 70°C and with 1.0 M methanol, the stack 
achieved over 30 W, which corresponds to more than 50 mW/cm². 
Considering the relatively low catalyst loading of 5.5 mg/cm² for the 
sum of both electrodes, this is a respectable performance. 
A thorough characterisation of this 12-cell stack has also been 
presented. The most important operating parameters are the air flow 
rate, the methanol concentration and the stack temperature. Thermal 
insulation of the methanol-water tank and piping reduces the heat 
losses and improves the start-up behaviour by increasing the stack 
temperature. The insulation experiments showed that insulation of 
the fuel tank and piping are the most reasonable, since the stack may 
need cooling. 
A mass transport model of the passive concept of methanol addition 
through a permeable tube was validated by methanol concentration 
experiments. The amount of methanol added to the anode feed loop 
is dependent on temperature, flow rate, length and diameter of the 
tube as well as the tube material itself. By varying the flow rate, the 
outlet concentration can be adjusted to the methanol consumption of 
the stack. Operation of the stack together with the passive feeding 
was comparable to “normal” 1.0 M methanol operation. 
The measured amounts of water in the cathode outlet of the stack 
agreed well with calculated data based on diffusion and electro-
osmotic drag of water and methanol through the membrane. On the 
other hand, a difference between the measured and calculated 
amounts of carbon dioxide at the anode indicated that the methanol 
oxidation on the anode was not complete. This affects the already 
low stack efficiency, here measured to be around 25 %. 
Due to the liquid methanol fuel, it is possible to operate with dry air at 
temperatures above 60°C without drying the membrane. For optimal 
performance it is desired to operate at the highest practical 
temperature. Thus, the efficiency losses should be exploited to heat 
the stack during start-up and keep the temperature stable and high 
during operation. 
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Contrary to a PEMFC, where the water management mainly focuses 
on preventing the membrane from drying during operation, water 
management in a DMFC aims at reducing the loss of water through 
the outgoing airflow. The membrane in a DMFC is always saturated 
with water, so, most importantly, the need for external addition of 
water to the system should be minimised. Due to the danger of 
flooding and to the parasitic oxygen consumption, air has to be fed at 
high stoichiometric rates. This makes the water recovery even more 
difficult. However, the crossover of methanol to the cathode, and 
subsequent conversion, produces valuable amounts of water. 
Many of the major advantages with the direct methanol fuel cell are 
connected to the fuel, i.e. liquid methanol instead of hydrogen. The 
most essential are: 
• Availability  
• Energy density  
• Public acceptance  
• Existing safety standards 
Calculations based on the experimental results in this thesis show 
that a 50 W DMFC system will be larger than a similar PEMFC 
system, as long as the operating time between each refill is less than 
35 hours. 
Generally, the loss of methanol due to crossover and the large 
amounts of water in the cathode outlet still remain major hurdles to 
efficient DMFC systems. Development of new membrane materials 
and catalysts are required to improve the overall performance. 
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7 Zusammenfassung 
Diese Arbeit beschäftigt sich mit der Entwicklung und 
Charakterisierung eines portablen Direkt-Methanol-Brennstoffzellen-
Stacks. Es werden Berechnungen zum Methanol- und 
Wassertransport in der Membran mit experimentell ermittelten Daten 
verglichen. Weiterhin beinhaltet diese Arbeit Untersuchungen zum 
Verhalten von Einzelzellen und einigen Komponenten wie der 
anodenseitigen Gasdiffusionsschicht und der Flow-Fields an der 
Anode. Um das Methanol auf der Anodenseite in den Kreislauf 
zuzuführen, wurde ein passives Konzept, basierend auf einem 
permeablen Schlauch, entwickelt und sowohl experimentell als auch 
mit Hilfe einer Simulation überprüft.  
In den Experimenten mit einer Einzelzelle wurden die Effekte an 
Anode und Kathode getrennt untersucht. Dies wurde durch die 
Zufuhr von Wasserstoff an der Kathode erreicht, was praktisch die 
Elektrolyse von Methanol bedeutete. Diese Messungen ergaben, 
dass die Kathode für etwa 1/3 aller Verluste verantwortlich ist, 
solange die Zelle nicht geflutet ist. Weiterhin konnte gezeigt werden, 
dass die Methanolumwandlung an der Kathode zu Kohlendioxid und 
Wasser praktisch 100 % beträgt.  
An einer transparenten Testzelle konnte direkt der Kohlendioxidfluss 
durch die anoden-seitige Gasdiffusionsschicht und in den Kanälen 
des Flow-Fields beobachtet werden. Ein getrennter Fluss von Gas 
und Flüssigkeit durch die Gasdiffusionsschicht, infolge der leicht 
hydrophoben Eigenschaften, garantierte eine gute und stabile 
Zellleistung. Ein zu hoher PTFE-Gehalt führte zu großen Teilen von 
blockierten Flächen und verringerte die Zufuhr von Methanol/Wasser 
hin zum Katalysator.  
Die Geometrie des Flow-Fields ist für einen stabilen Betrieb ebenso 
wichtig wie die Gasdiffusionsschicht. Von all den untersuchten 
Strukturen hat sich die mäanderförmige Geometrie mit erzwungener 
Fließrichtung als die Variante, die die gasförmigen Produkte auf der 
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Anode am besten austrägt, herausgestellt.  
Basierend auf den Ergebnissen der Einzelzelluntersuchungen wurde 
ein 12-Zeller mit einer aktiven Fläche von 49 cm² und 
mäanderförmigem Flow-Field konstruiert und hergestellt. Bei einer 
Temperatur von etwa 70°C und mit 1,0 molarem Methanol konnte mit 
dem Stack eine Leistung von mehr als 30 W erreicht werden, was 
einer Leistungsdichte von 50 mW/cm² entspricht. Unter 
Berücksichtigung der verhältnismäßig geringen Katalysatorbeladung 
von 5,5 mg/cm² gemeinsam für beide Elektroden, ist dies eine 
beachtenswerte Leistung.  
Des weiteren wurde eine vollständige Charakterisierung des 
12-Zellers durchgeführt. So sind die wichtigsten Betriebsparameter 
Luftflussrate, Methanolkonzentration und Zelltemperatur gezielt 
untersucht wurden. Eine thermische Isolation des Methanol-Wasser-
Tanks und der Leitungen verringerte die Wärmeverluste und 
verbesserte das Startverhalten infolge der Erhöhung der Temperatur 
des Stacks. Die Wärmedämmungsexperimente haben gezeigt, dass 
eine Isolierung des Flüssigkeitstanks und der Rohre das sinnvollste 
sind, um den Stack optional kühlen zu können.  
Ein Massentransportmodell des passiven Konzeptes der 
Methanolbeimengung durch einen permeablen Schlauch wurde mit 
Hilfe von Methanol-Konzentrations-Experimenten validiert. Die 
Menge an beigemengtem Methanol, welches anodenseitig in den 
Kreislauf eingespeist wurde, ist abhängig von der Temperatur, der 
Flussrate, Länge und Durchmesser des Schlauchs und dem 
Schlauchmaterial selbst. Durch Variation der Flussrate ist die 
Austrittskonzentration für den Methanolverbrauch des Stacks 
einstellbar. Der Betrieb des Stacks zusammen mit der passiven 
Einspeisung war vergleichbar mit dem Betrieb mit „normalem“ 1,0 
molarem Methanol. 
Die gemessenen Wassermengen am Kathodenausgang des Stacks 
stimmen gut mit den berechneten Werten, basierend auf der 
Diffusion und dem elektroosmotischen Zug von Wasser und 
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Methanol durch die Membran, überein. Andererseits lässt die 
Differenz der Kohlendioxid-Menge an der Anode im Vergleich der 
gemessenen mit den berechneten Werten den Schluss zu, dass die 
Methanoloxidation an der Anode nicht vollständig war. Dies wirkt sich 
direkt auf den gleich bleibend geringen Wirkungsgrad, hier etwa 
gemessene 25 %, aus.  
Infolge des Arbeitens mit flüssigem Brennstoff ist es möglich mit 
trockener Luft bei Temperaturen oberhalb von 60°C zu arbeiten, 
ohne dass die Membran austrocknet. Um die optimale Leistung zu 
erreichen, ist die praktisch höchstmögliche Betriebstemperatur 
anzustreben. Deshalb sollten die Wirkungsgradverluste genutzt 
werden um den Stack während des Starts zu heizen und die 
Temperatur im Betrieb hoch und konstant zu halten.  
Im Gegensatz zu einer PEM-Brennstoffzelle, in der das 
Wassermanagement hauptsächlich die Membran im Betrieb vor dem 
Austrocknen schützen soll, hat das Wassermanagement in einer 
Direkt-Methanol-Brennstoffzelle das Ziel die Wasserverluste durch 
den ausgetragenen Luftstrom zu verringern. Die Membran in einer 
Direkt-Methanol-Brennstoffzelle ist ständig mit Wasser gesättigt, 
deshalb ist eine zusätzliche Beimengung von Wasser in das System 
nach Möglichkeit zu vermeiden. Aufgrund der Gefahr der Zellflutung 
und des ungewollten Sauerstoffverbrauchs, muss die Luft mit hoher 
Stöchiometrie zugeführt werden. Dies macht die 
Wasserrückgewinnung sehr kompliziert. Dennoch, der Methanol-
Crossover zur Kathode und der resultierende Reaktion mit Sauerstoff 
bringen zusätzliches Wasser in das System ein.  
Viele der wesentlichen Vorteile einer Direkt-Methanol-Brennstoffzelle 
sind mit dem Brennstoff verbunden, d.h. flüssiges Methanol anstelle 
von Wasserstoff. Die wesentlichen Vorteile sind:  
• Verfügbarkeit 
• Energiedichte 
• Öffentliche Akzeptanz 
• Vorhandenen Sicherheitsstandards 
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Die Berechnungen, basierend auf den experimentellen Ergebnissen 
dieser Arbeit, zeigen, dass ein 50 W Direkt-Methanol-
Brennstoffzellen- System größer als ein vergleichbares PEM-
Brennstoffzellen-System ist, solange die Betriebsdauer zwischen 
zwei Befüllungen weniger als 35 Stunden beträgt. 
Allgemein gilt, dass der Methanolverlust durch den Crossover und die 
große Menge an Wasser am Kathodenausgang die größten Hürden 
für ein effizientes Direkt-Methanol-Brennstoffzellen-System 
darstellen. Die Entwicklung neuer Membranmaterialien und neuer 
Katalysatoren sind nötig um die Gesamtleistung zu verbessern. 
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Appendix 1 Connection of the shunt in the single-cell impedance set-up.  
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Appendix 2 SEM images of the applied anode gas diffusion layers. 
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Appendix 3 Polarisation curves with different anode GDLs at 50°C, 15 ml/min 
1.0 M methanol and 300 ml/min air.  
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Appendix 4 Air flow rate characteristics of the applied membrane pump, with 
and without the 12-cell stack.  
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Appendix 5 Polarisation curves for the 5x5 cm² 3-cell stacks in series and 
parallel configuration at 50°C, with 10 ml/min of 1.0 M methanol 
and 500 ml/min air. 
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Appendix 6 Polarisation curve for the 7x7 cm² 3-cell stack at 50°C, with 
15 ml/min of 1.0 M methanol and 1000 ml/min air. 
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Appendix 7 Pictures of a) the second 12-cell stack and b) the bipolar plate. 
a)  
b)  
 
 
122  Appendix 
Appendix 8 Measured heat loss from the water container as a function of the 
temperature difference between the water inside and the outside 
temperature.  
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Appendix 9 Measured and calculated amounts of CO2 in the anode outlet at 
different methanol concentrations. 
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Appendix 10 Calculated water balance for the stack operating at 50°C without 
crossover with different stoichiometric air flow rates. The air inlet 
temperature was 25°C and had 25 % rel. humidity. 
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